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HIGH FREQUENCY FERROELECTRIC PROPERTIES OF THE BiFe03-PbTi03 
PbZr03 TERNARY SYSTEM 
ABSTRACT 
High temperature dielectric measurements have been performed on the 
ferroelectric and antiferroelectric perovskitic polycrystalline solid solutions 
in the BiFeO - PbTiO - PbZr03 ternary system. The data were take-n in the 3 3 
UHF frequency range with the use of a slotted line and specially constructed 
sample holder capable of operation at temperatures in excess of 800 ° C. 
The Curie points have been found to occur at progressively higher tern-
peratures with the increase of BiFe03 content in the solutions except in phase 
transition regions where minima can occur. The dielectric constants at the 
Curie temperatures have been found to decrease with BiFe03 content increase. 
Extrapolation procedures yielded a Curie point dielectric ' constant near 1300 for 
The Curie point of BiFeO was found to occur at 850- 900°C. 
3 
The dielectric data demonstrate that BiFeO 
3 
and solutions of PbTiO 3 and 
PbZrO with high BiFeO content are ferroelectric or antiferroelectric. A dis-
3 3 
cussion is presented, utilizing crystallographic data, which indicate that BiFeO 
. 3 
is probably ferroelectric. 
Robert Travis Smith 
ii 
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1. 
I. INTRODUCTION 
A new series of perovskitic compounds with ferroelectric and antiferro-
electric properties has been reported recently in the literature. They comprise 
the solid solutions of bismuth ferrate (BiFe03) with other compounds of perov-
skite structure. The discovery has been made, by various diffraction techniques, 
that with the addition of BiFe03 to other perovskites with known ferroelectric 
and antiferroelectric properties, the distortion from cubic symmetry of the 
compound is often increased significantly and, as a general rule, the phase 
transition associated with the Curie point occurs at a higher temperature. In 
other words, the addition of BiFe03 appears to often enhance the ferroelectric 
and antiferroelectric properties already possessed by the material. These 
phenomena have been interpreted as implying that pure BiFe03 must have 
ferroelectric or antiferroelectric properties. 
Dielectric measurements have been, in the past, impossible to take or 
taken only with difficulty on many of the compositions, especially those with 
high BiFeO content. The problem involved is the high electrical conductivity 
3 
of the material. The resistivity at room temperature is on the order of 10 +S 
ohm-em and decreases several orders of magnitude with only a few hundred 
degrees increase in temperature. 
The dielectric behavior of these materials in the past has been estab-
lished by inference, using data on phase transitions and other methods. Until 
this work, no Curie point determinations had been made by dielectric measure-
ments on the PbTi03-BiFe03 system and only a few compositions of low 
2. 
BiFe03 content had been studied in the BiFe03 -PbZr03 system with dielectric 
techniques. 
The purpose of this work was therefore to study the dielectric properties 
of these materials. To accomplish this goal, the measurements had to be made 
at high frequencies, the reasons being discussed in section Til B. To this end, 
slotted line techniques were used and a special coaxial line sample holder was 
constructed as described in section · m D. The sample holder was constructed 
from platinum-gold lined ceramic material in order to obtain electrical con-
ductivity with thermal isolation. 
Use of this special high frequency apparatus permitted the clear res-
olution of the Curie points on the dielectric constant versus temperature curves 
in ceramics with BiFeo3 content as high as 90 mole percent. 
3. 
IT. REVIEW OF LITERATURE 
A. DEFINITION OF FERROELECTRICITY 
Of the 32 possible crystal classes or point groups there are 21 which are 
* non-centrosymmetric. Piezoelectricity may be exhibited by 20 of these point 
groups. A crystal which reflects the symmetry of one of these 20 non-centro-
symmetric groups may thus show a displacement of electric charge as the result 
of an application of an external force. The direction of the charge displacement 
is dependent on the direction of the external applied force. 
A subgroup of 10 of the 20 piezoelectric groups may theoretically show 
pyroelectricity~1 ) A pyroelectric crystal has the property of developing an 
electric polarization when its temperature is changed in such a way that no 
temperature gradient exists. If the crystal already possesses a spontaneous 
polarization, the change in temperature alters it. In such a crystal, in the 
absence of an electric field and external force, the center of positive charge is 
not coincident with the center of negative charge at all temperatures. Table I 
lists the 21 noncentrosymmetric and the 10 pyroelectric point groups. 
The ferroelectric crystals possess symmetry elements which are a 
** subgroup of the 10 pyroelectric or polar symmetry point groups. Ferro-
electricity, unlike piezoelectricity and pyroelectricity, cannot be predicted 
*A centrosymmetric point group remains invariant under inversion 
through a center. 
** A polar point group possesses polar directions. A polar direction is a 
direction, the ends of which, are not related by any symmetry elements of the 
group. A polar group allows a resultant vector in the structure. 
TABLE I. 
THE 32 CRYSTALLOGRAPHIC POINT GROUPS 
TRICLINIC y5 r 
MONOCLINIC ~ c;5 
ORTHORHOMBIC (222) ~ 
TETRAGONAL ~ CD 
RHOMBOHEDRAL ~ 3 
HEXAGONAL. ~ ® 
CUBIC @ M3 







~ (i2M) 4/MMM 
3M 
~ @ 6/NMM 
M3M 
r--\ POLAR AND NON-CENTRO-
\,-) SYMMETRIC POINT QROUP 
* POINT QROUP 432 CANNOT EXHIBIT PIEZOELECTRICITY. 
4. 
5. 
simply from a knowledge of the crystal point group; it can be established def-
/ 
initely only on the basis of dielectric measurements. As in the case of pyro-
electric material, the ferroelectric crystal exhibits a spontaneous electric 
polarization but with the additional property that the polarization can be reversed 
with the application of an external electric field~l)(2)(3)(4) . 
B. PROPERTIES OF FERROELECTRIC CRYSTALS 
Megaw (5)lists ten conditions which indicate the presence of ferroelec-
tricity. A sufficient condition is that the material exhibit a dielectric hysteresis 
loop. A hysteresis loop, illustrated in figure 1, is indicative of reversible 
spontaneous polarization. The term ferroelectricity derives from this property 
in analogy with ferromagnetism. Two necessary conditions for ferroelectricity 
are that the crystal structure belong to a polar class and be pseudo symmetric; 
that is, the structure is only a slightly distorted form of a higher symmetry 
ideal structure. A common condition, but neither sufficient nor necessary is 
that the material possess a Curie point, defined as the temperature above which 
spontaneous polarization, and hence the hysteresis loop, is absent. In addition, 
* it is often postulated that the dielectric constant obey a Curie-Weiss law above 
the Curie temperature. A typical dielectric constant versus temperature curve 
is given in figure 2. 
Kittel (B) suggested there may exist substances with no spontaneous polar-
ization because individual lines of ions within the material might have their 
* See equation (13), section I. 
POLARIZATION 
ELECTRIC -----------+------~------~---------- FIELD 
FERROELECTRIC HYSTERESIS LOOP 
POLARIZATION 
ANTIFERROELECTRIC HYSTERESIS LOOP 













FIGURE 2. Dielectric constant versus temperature curves for ferro-
electric and antiferroelectric materials 
8. 
electric dipole moments aligned in antiparallel configuration. In somewhat poor 
analogy with antiferromagnetism this phenomenon was termed antiferroelectric-
ity. Many antiferroelectric substances have been identified, lead zirconate 
(PbZr03) being a well known example. Megaw(
7)gives the definition: nAn anti-
ferroelectric is a substance of non-polar symmetry showing no dielectric hys-
teresis which has a pseudosymmetric transition to a high symmetry form accom-
panied by a sharp anomaly in the dielectric constantn. A typical dielectric con-
stant with respect to temperature plot appears in figure 2. The principal var-
iation from the ferroelectric curve is the somewhat lower dielectric constant 
below the Curie point and the sharp cliff-like drop in the dielectric constant at 
temperatures slightly below the transition. 
Several experimental techniques exist for the differentiation of ferro-
electricity from antiferroelectricity. For low conductivity samples the ferro-
electric shows a hysteresis loop; while the antiferroelectric does not. For 
sufficiently high fields, however, certain antiferroelectrics, such as PbZro3 , 
can be forced into a ferroelectric state which gives rise to an odd double hys-
teresis loop as pictured in figure 1. In the low field region, where the material 
remains antiferroelectric, the polarization versus electric field plot is linear. 
The loops appear at each end in the high field ferroelectric region. 
The application of a D. C. bias voltage to a ferroelectric will cause the 
Curie point to occur at a higher temperature. The converse holds true for an 
antiferroelectric. At a given temperature below the Curie point, a D. C. bias 
voltage will slightly increase the dielectric constant of an antiferroelectric but 
will decrease the dielectric constant in a ferroelectric relative to the zero 
9. 
bias value. 
By analogy with the word ttparamagnetic, tt the term paraelectric (S) des-
ignates the high symmetry state of a substance which below the transition tem-
perature is ferroelectric or antiferroelectric. The term also relates to struc-
tures with the same symmetry as known ferroelectrics, even though the pseudo-
symmetric transition is absent. 
Co THE PEROVSKITE STRUCTURE 
One of the crystalline structures often associated with ferroelectricity 
or antiferroelectricity is the perovskite structure, which takes its name from 
the mineral calcium titanate (CaTi03). It is, with a few exceptions, charac-
* terized by the chemical formula AB03 . The crystal and chemical properties 
of the perovskite type oxides have been studied by Naray-Szabo, **(9) Megaw, (lO) 
and Roth. (11) The A cations are relatively large in size compared to the B 
cations. Each B cation is surrounded by six oxygen anions in an octahedral 
arrangement. The ideal perovskite structure is simple cubic with the centro-
symmetric holohedral space group Pm3m. Many of the ferroelectric perov-
ski tes such as barium titanate (Ba TiO 3) and lead titanate (PbTiO 3) belong to 
* There are double fluoride perovskite compounds of formula ABF ; 
none of these are known to be ferroelectric. 3 
** Naray-Szabo classified bismuth aluminate (BiA103) as a perovskite. The writer was unable to confirm this classification. Stoichiometric mixtures 
of the oxides Bi 0 3 and A12o3 sintered at temperatures to 1000 degrees Centi-grade yielded }?-ray patterns of the unreacted constituents or a clean body-cen-
tered-cubic pattern with a lattice parameter of 10.2 lngstroms. The pattern 
was nearly identical to that of y - Bi2 0 3 . 
10. 
this space group above the Curie temperatures. Ferroelectric perovskites above 
the Curie point are in general classified by a centrosymmetric space group. As 
the material falls in temperature through the Curie point, a pseudosymmetric 
structure transition takes place in which the crystal structure is distorted to a 
space group of lower symmetry classified as non- centro symmetric. Perovskite 
ferroelectrics are thus non-piezoelectric above the Curie point. 
If the A cation is considered to occupy the body center of the unit cell, 
the atomic arrangements are: 
A. !!! , body center of unit cell 
B. 000, corners of unit cell 
o. %oo, ~0, 0~, midpoints of edges of unit cell. 
AI ternatively, considering the B cation to be located at the body center site, 
the atomic positions are located by moving all previous positions by!!!· The 
geometry of both views of the structure is illustrated in figure 3. 
Goldschmidt (l2) established criteria for the stability of ionic compounds 
with the formula AB03• The Goldschmidt rules are based on the assumption 
that the interionic forces are of a central nature and that no covalent bonding is 
present. Megaw(l3)restated the empirical rules, which are in essence: An 
ion has a radius which does not vary more than a few percent in different mat-
erials, so that the sum of two such radii make up the observed cation-anion 
separation. All anions must touch the cation so that there is no "rattling" of 
cations within the structure. The cation can be surrounded only by the number 
of anions which can make contact with it. 
11. 
A CATION AT BODY CENTER SlTE 
~ A CATION 
0 B CATION 
• OXYQEN ANION 
B CATION AT BODY CENTER SlTE 
FIGURE 3. The perovskite structure 
12. 
A study of figure 3 shows the ideal perovskite structure requires the A 
and B cations to be 12 and 6 coordinated respectively. 
From figure 3, assuming all ionic spheres touch, the following relation 
can be obtained: 
R + R = -J2 (R + R ) A o B o (1) 
RA, RB, and R
0 
are the ionic radii of the A and B cations, and the oxygen anion 
respectively. A .rttolerance factortt t can be introduced to indicate a certain 
tolerance of fit to expression (1): 
R + R = t..f2 (R + R ) 
A o B o (2) 
Experimental evidence shows the perovskite structure dominates when the tolerance 
factor size range is . 9 < t< 1.1. The illmenite structure occurs fort less than . 8. 
The perovskite oxides have been classified into four structural cate-
gories by Megaw: (14) 
1.) Cubic perovskite: A large number of compounds possess the ideal 
cubic structure with a lattice parameter of about 4 angstroms. Each unit cell 
contains one ABO 3 formula unit. For many, no other structure is known and 
they are not ferroelectric. Several ferroelectrics such as BaTi03 and PbTi03 
possess this structure above the Curie point as mentioned previously. The 
tolerance factor lies between 1. 05 and 0. 90. 
· 2.) Distorted small cell perov~kite: Several ferroelectrics, which 
possess an ideal cubic structure with t near unity above the Curie point such 
as BaTiO and PbTiO , have one or more pseudosymmetric low temperature 3 3 . 
forms. The unit cell is distorted but, referred to the original cubic axes, the 
13. 
cell edges are still approximately 4 angstroms in length. The unit cell contains 
only one formula unit. 
3.) Distorted multiple cell perovskite: Many perovskites possess a dis-
torted structure in which adjacent cells are approximately alike. The true cell, 
no longer of unit type nor containing one formula unit, is made from a combina-
tio.n of these distorted subcells. If referred to the original axes, the supercell 
edges are approximate multiples of 4 angstroms. Some of these materials are 
antiferroelectric, of which, PbZr03 is an outstanding example. 
4.) Other types including illmenite structure: These structures are highly 
distorted; t is less than 0. 7. The ionic radii are of such size that the geo-
metric expression (1) no longer describes the situation. Since none of the mate-
rials that are the subject of this .work are of this type, this classification will 
not be considered further. 
The most studied of the perovskite ferroelectrics has been Ba TiO 3 . There 
are several transition points. Above 120°C BaTi03 possesses cubic symmetry 
described by the holohedral space group Pm3m. The dielectric constant in this 
region obeys a Curie-Weiss law. Near 120 ° C a pseudo symmetric transition 
occurs and the cubic structure distorts slightly to a tetragonal polar form. Spon-
taneous polarization directed along an [ 001] axis appears. The maximum di-
electric constant appears at this point. 0 Between 0 and - 90 C the structure is 
orthorhombic. The spontaneous polarization is now parallel to a [ 110] axis, 
or face diagopal. Below -90 ° C the structure becomes rhombohedral, the po-
larization appearing along the body diagonal or [ 111] axis. A plot of dielectric 
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Ferroelectric materials with oxygen octahedra discovered prior to 1960 
have tended to justify a criterion proposed by Matthias: (l6) The B ions in the 
ferroelectric structure shall possess a rare gas electronic configuration. 
Applied to the ferroelectric perovskite structure an example is provided by the 
divalent- tetravalent oxide BaTi03 . 
. 2+ 4+ 
The Ba and Ti cations combine with 
2- 2 4 
three 0 anions. In doing so the 2s 2p structure of each oxygen atom assumes 
the 2s22p 6 structure of neon, the 3d24s2 configuration of titanium assumes the 
3s23p 6 electronic configuration of argon, and the 5p 66s2 electronic structure 
of barium assumes the 5s25p 6 structure of xenon. A similar example is given 
by the monovalent - pentavalent oxide potassium niobate (KNbO 3). 
Recently a perovskite, which is the subject of this work, has been dis-
covered which may be ferro- or antiferroelectric, but which cannot satisfy the 
ideal gas configuration criterion. This material is the trivalent - trivalent oxide 
bismuth ferrate (BiFeO 3). The Matthias requirement cannot be fulfilled due to 
3+ * the -incomplete d shell of the Fe ion. A similar compound, bismuth chromate 
(BiCrO ) , also a perovskite, but with unknown ferroelectric properties, is in 
3 
the same category. The literature of BiFe03 and solid solutions will be dis-
cussed in detail in section E. 
D. FERROELECTRIC THEORIES 
1. MACROSCOPIC THEORIES 
The macroscopic ferroelectric theories are phenomenologic and thermo-
*The Fe 3+ ion possesses a half-filled 3d shell, corresponding to an S 
spectroscopic state, which is approximately equivalent to the noble gas energy 
level. <55) In a sensethe criterion is satisfied. 
16. 
dynamic. . (17) (18) Typical theories have been developed by Mueller, Cady, and 
Devonshire. (19) Devonshire (2 @.)(21)has also given a thermodynamic treatment 
of Ba TiO 
3 
in particular. The thermodynamic theory has been discussed in 
. (22) (23) (24) . (25) general terms in the books by Kittel, Dekker, Megaw, Kanzig, 
and Jona and Shirane. (26) 
A crystal, whether ferroelectric or not, can always be considered a 
thermodynamic system, the equilibrium state of which can be specified completely 
with the appropriate parameters. Devonshire, in his theory of BaTi03 , for 
example, treats the material as a strained cubic crystal and considers its free 
energy to be a function of stress, polarization, and temperature. If the stresses 
are considered to be zero, the free energy expression can then be written as a 
series involving powers of the polarization. The coefficients are functions of 
temperature only, for the stress free condition assumed. The free energy 
function for the variables considered is the elastic Gibbs function G 
1
. For one 
direction of polarization: 
~', 
1 ~ 2 1 ~ \ 4 1 ~\-~~-- 6 
= -x P + - ~ P + - ~P 2 4 6 
where a
10 is the value of G1 for the unpolarized, unstressed crystal. x, ~ , 
and t are the stress free coefficients. 
The meaning of the coefficients can be established through the differ-
(3) 
entiation of equation (3) with respect to the polarization P. The electric field 




= E = X P + ~ P + tP (4) 
17. 
(5) 
Expression (5) multiplied by the permittivity of free space, E , gives the recip-
o 
rocal electric susc~ptibility for the unpolarized crystal, or in terms of the rel-
ative dielectric constant: ,_ " 
J OQ. 
where 




€ X eL\ 
0 
epc,.:f , -
X is the reciprocal electric susceptibility. 
K is the relative dielectric constant. 
E is the permittivity of free space. 
0 
(6) 
The magnitudes and signs of x, ~' and t determine the nature of the transition. 
Since tmstable states of a system are those of minimum free energy, 
equating expressions (4) and (5) to zero, it is always found that regardless of 
the values of ~ and t, the graph of (3) has a minimum at P = 0 for x positive or 
a maximum at P = 0 if x is negative, implying a pair of minima placed sym-
metrically on either side. The former condition corresponds to a state of zero 
polarization, the latter to two oppositely polarized states. Since the coeffi-
cients are temperature dependent, the shape of the curve of G1 - a 10 versus 
P is a function of temperature. Two cases must be distinguished. If ~ and t 
are always positive, and x changes continuously from positive to negative, the 
family of curves resulting has a pair of minima below the temperature for 
which x = 0. There is no discontinuity in the polarization. The transition 
described is second order. Since P = 0 at the transition, the dielectric con-
18. 
stant is infinite at that point. The other case involves ~ negative and t positive. 
Through a similar analysis it is found in this case that at the high temperature 
side of the transition, P = 0, but at the other side P jumps to a high value. At 
the transition, x is non zero and positive. Since the polarization changes in a 
discontinuous manner, the dielectric constant also has a discontinuity at the 
transition. This transition is termed first order. 
x was assumed to decrease linearly with temperature; ~ and t were as-
sumed to be constants independent of temperature. The temperature dependence 
of x was chosen from experimental evidence; a graph of reciprocal dielectric 
* constant versus temperature yields a straight line. 
Using this technique, Devonshire (20>was able to account for all three 
phase transitions of Ba TiO , illustrating the versatility of the thermodynamic 
3 
approach. 
Kittel (6)modified the thermodynamic theory for the description of anti-
ferroelectricity by making an expansion of the free energy in terms of separate 
series in powers of the polarization for each sublattice. Kanzig (27) gives an 
outline of the approach. 
2. MICROSCOPIC THEORIES 
The microscopic theories are model theories in the sense that some 
mechanism in the crystal structure which might explain the ferroelectric 
behavior of the material is postulated. Many different theories have been 
* This is a Curie-Weiss law. 
19. 
proposed, several of the early ones utilizing the electric dipole concept such as 
the simple theory outlined by Dekker. (2 8) 
A straightforward theoretical approach involves the classical equation 





= -3 ~a. N. i 1 1 
K is the relative · dielectric constant. 
a. is the polarizability of an ion of type i. 
1 
N. is the number of ions of type i per unit volume. 
1 
Following is a simple argument due to Kittel; (30) the expression (7) can be 
rewritten as: 
K = 
2 ~ 1 + 3 . a. N. 1 1 1 
1 
1 -~a N 3 i i i 
From (8) it can be seen that the dielectric constant becomes arbitrarily large 
if: 
! ~ 01 N = 1 
3 i i i 




4 7T catastrophe). A study of (8) reveals that near the critical value defined by 
3 
(9) the dielectric constant is a very sensitive function of ~ N .a.. One can 
' i 1 1 
visualize this by rewriting (9) as: 
1 -~a N = 1 - s 
3i i i 
Substitution of (10) in (8) yields: 
where S <<. 1 (10) 






If the assumption is made that near the critical temperature the value of s is 
a linear function of temperature: 
s = M(T - T ) 
c 
Combination of equations (11) and (12) yields a Curie-Weiss law, where the 
critical temperature is now the Curie Point: 
here 
K = 3/M 
T-T 
c 
3/M is termed the Curie constant. 
T . is the Curie temperature. 
c 




Slater (31) and others have performed similar calculations by replacing 
the factor 1/3 in expression (7), which derives from the Lorentz calculation of 
the effective field, by a sum of numerical factors representing the effective 
fields of the A, B, and oxygen ions. The Lorentz factor 1/3, is derived on the 
assumption that all .i"Ons are in a cubic environment. This is not valid for a 
perovskite calculation; although the A and B cations have a cubic environment, 
the oxygen anions do not have this type of surrounding. 
Recently several investigators have treated the problem of ferroelec-
tricity from the standpoint of lattice dynamics. This approach can be understood 
from a consideration of the dielectric dispersion relation. (32)(33)(34) For the 
case of zero damping, Stone (33) and Jona and Shirane (34) give a dispersion rela-






i 2 2 
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K (w) is the dielectric constant at angular frequency. 
Koo is the optical dielectric constant. 





is a coupling constant for the i th mode, measuring the 
coupling strength to the applied electric field. 
w is the angular frequency of the applied field. 
For a given mode i, expression (14) gives the well known dispersion curve. 
Cochran (35) suspected that ferro-or antiferroelectricity in a crystal was the 
result of an instability of the crystal, at a certain temperature, for one of the 
normal modes of vibration. 
Suppose the measurement frequency (the frequency of the applied elec-
tric field) is very small compared to w .• 
. 1 
Expression (14) is then given in terms of the static dielectric constant K : 
0 
b2 
K = Koo + ~ _!__ 





If the j mode becomes unstable at a certain temperature, then w. approaches 
J 
zero. The term b~/ w~ in the series given by (16) will predominate, given that the 
J J 
coupling constants b. are independent of temperature. Thus the dielectric con-
J 
stant will become very large at the point at which the j th mode becomes unstable 
since K«> is largely independent of temperature. The ferroelectric behavior, 
22. 
in Cochran' s approach is due to the temperature dependence of this normal 
mode. 
Starting with the separate equations of motion of the Bravais arrays 
of the positive ions, the cores of the negative ions, and the shells of the negative 
11 ions, Cochran was able to calculate a frequency of 3 x 10 Hz. for the lowest 
order transverse optic mode in Ba TiO 3 just above the Curie point. For an ex-
pression analogous to (16) he found that in order to give the dielectric constant 
a Curie-Weiss behavior above the Curie point, the lowest order transverse 
optic mode had the temperature ~ependence given below: 




w is the angular frequency of the lowest order transverse optic 
'T 
mode. 
T is the Curie temperature. 
c 
T is any temperature higher than T . 
c 
The theory shows that w can approach zero without disrupting the stability of 
'T 
other modes. 
In a neutron diffraction study of the low Curie temperature (T ~ 30°K) 
c 
perovskite strontium titanate (SrTi03), Cowley(
36
>was able to verify experi-
mentally the temperature dependence expressed by equation (17). 
In another paper, Cowley(37)investigated the anharmonic properties of 
crystals and subsequently extended the approach to include ferroelectric phe-
nomena~38) A ·theory was developed for the case of SrTi03 in which the an-
harmonic interactions between the normal modes were held responsible for the 
23. 
temperature dependence of the normal modes, such as expressed by expression 
(1 7). Fairly good agreement with experimental results was obtained. The 
details of the theory, which involve time-ordered Green's functions, are beyond 
the scope of this study. 
E. BISMUTH FERRATE AND SOLID SOLUTIONS 
1. BiFe03 
Bismuth ferrate (BiFe03) was first reported in the literature in 1960. 
(39)(40) 
X-ray diffraction analysis revealed the compound possessed a perov-
skite structure with rhombohedral distortion of the unit cell. The lattice para-
0 ' 
meter is 3. 962 angstroms, the rhombohedral angle 89 - 24 . An electron 
diffraction study(4l) confirmed the initial crystallographic results and, in addi~ 
tion, assigned BiFe03 to the polar symmetry space group R3m. This space 
group is a subgroup of 3m, one of the pyroelectric point groups given in table 
I and thus reinforces the suggestion (39) offered that BiFeo3 is ferroelectric. 
A high temperature X-ray analysis undertaken by Fedulov et al. (42)indicated 
that no phase transitions were present in BiFeO up to the melting point, near 
3 
850° C implying that the Curie point, if existent, lies above that temperature. 
Due to the very high electrical conductivity of the material at these temperatures 
no dielectric measurements could be made. A dielectric constant of 80 for room 
temperature at 1kHz was reported. In a later experiment, however, Fedulov 
<
43
>apparently established the Curie point by an X-ray study of the PbTi03-
BiFeO solid solution. The Curie temperatures for several varying composi-
3 
tions were measured by noting the points at which the pseudo-symmetric trans-
24. 
itions occured. A Curie temperature of 850 ° C for pure BiFeO was determined 
3 
from the data by an extrapolation. 
The existence of the unfilled d shell in the Fe 3 ions led to speculation 
that BiFe03 and solid solutions might also have special magnetic properties. 
A neutron diffraction study(44)proved these opinions to be well founded. In 
addition to the peaks indicative of the rhombohedral structure, several other 
peaks were detected and identified as due to magnetic order. A Neel tempera-
ture was found near 380° C. It was concluded that BiFe03 was antiferromagnetic 
with probabl~ weak ferromagnetism. Magnetic balance measurements (45) <46) 
have verified these results. A recent Faraday balance susceptibility measure-
ment(47)indicated that the Neel temperature lies at 370° C. Mossbauer studies of 
the 57 Fe spectrum in BiFe0
3 
(47)(48)have confirmed the antiferromagnetic 
property. A slight interaction between the dielectric and magnetic properties 
of BiFeO has been reported by Tomashpol '~kii et al. (49) Anomalies in the 
3 
vicinity of the Neel point were noted on the dielectric constant and dissipation 
factor curves. 
2. BiFe03-PbTi03 SYSTEM 
In addition to the early study of the BiFeO 3- PbTiO 3 system referred to 
above, more complete measurements have been made later by Fedulov and 
(50(51) 
others on crystal structure. No dielectric measurements have been 
made on the system. 
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FIGURE 5. Phase diagram versus temperature for BiFe03-PbTi03 
26. 
c = 4. 150 angstroms~10) The addition of BiFeO to PbTiO causes the c axis 
3 3 
to increase in length, while the a axis length decreases . slightly. The c/a 
ratio was thus found to increase from about 1. 06 for pure PbTiO , to a max-
3 
imum of nearly 1. 2 at the 70 percent BiFeO composition. At 70 percent the 
3 
structure changes from the tetragonal structure similar to PbTiO 3 to the rhom-
bohedral structure isomorphous with BiF eO 3. (See figure 7) A graph of X- ray 
data versus temperature due to Fedulov et al. (51)appears in figure 5. Extra-
polation through the pseudosymmetric transition points indicates a Curie point 
in the vicinity of 850°C for pure BiFe03. The room temperature crystallo-
graphic data have recently been confirmed.<47) 
Dielectric measurements have been made on specimens of 10 and 20 
percent BiFe03 content(
50)but, due to the high electrical conductivity of the 
compositions, measurements were not taken above the Curie temperature of 
PbTiO 
3
, 490 ° C. Peaks in the dielectric constant or dissipation factor were not 
observed. 
3. BiFeO -PbZrO SYSTEM 
3 3 
The BiFeO - PbZrO system has received some attention in the past. 
3 3 
(52)(53) It was found that these solid solutions are difficult to make without 
the introduction of small amounts of non-perovskitic phases. Recently, how-
ever, this system has been the subject of an extensive investigation~47><54><55) 
The structure of the antiferroelectric PbZr03 below its Curie temper-
ature, has been found to be multiple cell orthorhombic by X-ray and neutron 
diffraction~56) . 0 The lattice parameters at 25 C are; a= 5. 873, b = 11. 746, 
27. 
and c = 8. 228 angstroms. Eight subcells are contained within the multiple cell. 
The addition of BiFe03 results in a reduction of the orthorhombic dis-
tortion of the multiple cells (phase I). At the composition 20 percent BiFeO -
3 
80 percent PbZrO , a change of crystal parameters occurs with an expansion 
3 
in the c direction and a contraction in the perpendicular directions so that the 
material becomes nearly cubic. The structure can be indexed as multiple cell 
orthorhombic (phase IT). A second and remaining transition occurs near the 
composition 70 percent BiFeO -30 percent PbZrO . Here the multiple cell 
3 3 
phase n structure was found to change to a rhombohedral distorted cell isomor-
phic with the cell of pure BiFe03. The various phases are depicted in figure 7. 
The Curie Point of PbZr03 occurs at 230°C. At the transition point 
between the multiple unit cell phases I and n at the composition 20 percent Bi-
Feo3-8o percent PbZr03 , the dielectric constant was found to approach a min-
imum of 155 degrees Centigrade~47)(54)(55)* Dielectric bias measurements, 
of the type described in section IT-B, were taken on the orthorhombic samples. 
(47)(55) Multiple cell phase I, on the PbZr03 side of the transition, was de-
termined to be antiferroelectric, but phase n, on the BiFe03 side, was shown 
to be ferroelectric. No dielectric measurements were made in materials with 
content of BiFeO greater than 50 percent due to high conductivity. 
3 
4. BiFeO -PbTiO -PbZrO SYSTEM 3 3 3 
Much work has been done on the PbZr03-PbTi03 binary system. At 
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FIGURE 7. Phase diagram of BiFe03-PbTi03-PbZr03 at 25°C 
29. 
30. 
0 25 C there is a continuous range of compositions and a number of phases 
(56) (57) 
occur. From 100 percent to 45 percent titanium the structure is tet-
ragonal and ferroelectric, ismorphous with pure PbTiO . Between 45 percent 
3 
and 5 percent titanium a new ferroelectric rhombohedral small cell phase appears. 
Below 5 percent titanium content the structure reverts to the antiferroelectric 
multiple cell orthorhombic structure of pure PbZro3. 
The only early work reported on the BiFeo3-PbTi03-PbZr03 is by Ikeda 
and Okano~58) , They investigated the rhombohedral-tetragonal phase region of 
the PbTi03-PbZr03 system with the addition of up to 50 percent BiFeo3. The 
ceramic samples measured may have been poor, because the dielectric results 
on materials without BiFeO content were not as good as those obtained previous-
3 
ly~59) Figure 6 is a plot of the Curie point versus temperature as taken from 
their data. 
Recently at the U. M. R. Materials Research Center, Clarida (60) has 
made a fairly complete survey of the crystallographic properties of the BiFe03-
PbTiO - PbZrO at 25° C using X-ray diffraction techniques. A phase diagram 
3 3 
with his results and earlier data appears in figure 7. He found that the rhom-
bohedral tetragonal boundary at 45 percent PbTi03-55 percent PbZr03 continues 
to the vicinity of 30 percent PbTi03-70 percent BiFe03 • The multiple cell 
orthorhombic regions are confined to an envelope on the PbZrO 3 side, the end 
points of which are 5 percent PbTi03-95 percent PbZr03 and 30 percent PbZro3-
70 percent BiFe03. 
5. RECENT DEVELOPMENTS 
Several works have been published in the course of the past two years 
31. 
on the binary system BiFeO -PbFe I Nb I 0 . It has been found, as in the 3 1 2 1 2 3 
other binary systems discussed, that the addition of BiFeO causes the Curie 
3 
points to increase in temperature. An extrapolation gives a Curie point for 
pure BiFeO of 700-800°C just as obtained by Fedulov on the BiFeO -PbTiO 3 3 3 
system. 
Krainik, et al. (6l)made dielectric measurements at frequencies up to 
58 MHz on BiFe03-PbFe112Nh112o3. On the dielectric constant versus tern-
perature curves, peaks indicative of Curie points were noted on compositions 
containing as much as 90 percent BiFe03. However, on the basis of the loss 
tangent curves, measurements given on compositions with greater than 80 per-
cent BiFe03 cannot be trusted due to excessive dissipation. The dielectric 
constant curves also indicated a phase transition, in agreement with X-ray 
analysis, at 65 percent BiFe03 content. 
Smolenskii and Yuden (62)used the Faraday balance technique on the 
BiFeO - PbFe I Nb I 0 system and confirmed the antiferromagnetic char-
3 1 2 1 2 3 
acter of BiFeO established earlier. They also asserted that weak ferromag-
3 
netism is present in BiFeO but that a spontaneous magnetic moment cannot be 
3 
observed, except in high fields, due to magnetic anisotropy. On the basis of 
the presence of weak ferromagnetism they rejected the space group R3m sug-
gested earlier (41) and proposed three other, non-polar, groups. They thus 
implied that BiFeO can be only antiferroelectric. Neutron diffraction results 
3 
possibly indicative of antiferroelectricity have been reported recently (63) in 
disagreement with the previous crystallographic results. 
32. 
Other research on the BiFe03-PbFe112Nb112o 3 system (
64) has con-
firmed earlier detection of anomalies in the dielectric constant and loss tangent 
curves for BiFe03. For the case of pure BiFe03 , dielectric measurements 
0 
were performed at a frequency of 3000 MHz to temperatures of 600 C. A change 
in slope of the loss tangent and a slight bump on the dielectric curve occurred 
in the vicinity of the Neel point. X-ray diffraction analysis was performed by 
this group on compositions near pure PbFe112Nh112o 3 which varied in steps of 
2 percent BiFe03 content from one another. This group, headed by Roginskaya, 
considered BiFe03 to be ferroelectric with compensated antiferromagnetism. 
A very recent experiment conducted by Krainik(65)et al. on BiFeo3 
was claimed to indicate antiferroelectricity. Dielectric measurements were 
performed using the filled wave guide method, discussed in section m-C, at a 
frequency of 9. 4 GHz (X band microwaves). A stainless steel wave guide sec-
tion was used for a sample holder, isolated from a wave guide slotted line by a 
water cooled quartz section. A rather irregular curve, containing numerous 
peaks, of dielectric constant versus temperature was obtained. Surprisingly, 
a maximum occurred at 850° C but, unfortunately, . the samples did not seem to 
be pure. The loss tangent curve did not show any temperature dependence and 
was unusually low even at 800-900°C; less then 10 percent dissipation occurred 
at any temperature. The 850 ° C peak was attributed to the Curie point, the other 
peaks to possibly antiferroelectric transitions. Due to the loss tangent results, 
however, the validity of this work can be questioned. 
33. 
In summary, it is definitely known that BiFeO 3 is antiferromagnetic. 
There is some question in the literature as to whether weak ferromagnetism 
is present, and whether the unit cell is really small cell rhombohedral. All 
work published to date, however, is in agreement that BiFeo3 must be ferro-
electric or antiferroelectric. From the basis of the work done at the U. M. R. 
. . (47) (54)(55)(60) Materials Research Center and Physics Department, ferroelec-
tric properties seem more likely at this time. 
34. 
ill. EXPERIMENTAL METHODS 
A. DIELECTRIC PROPERTIES MEASUREMENT 
Dielectric measurements involve the identification of the two parameters, 
capacitance and loss. In theory the loss, which all dielectric materials possess 
to a certain degree, can be treated by the consideration of the substance forming 
the sample as a lumped circuit of ideal resistors and capacitors. To a good 
approximation, a dielectric sample can be measured by considering it to be 
represented by a simple circuit of a resistor and capacitor in either series or 
parallel connection. In order for the two circuits to be equivalent the impedances 
must be identical. From this concept of equivalent series or parallel circuit 
representation derives the terms series and parallel measurement. The lumped 
circuits considered are illustrated in Figure 8. 
The parallel circuit depicts the physical properties of an actual dielec-
tric in a more realistic manner than the series configuration, but many kinds 
of apparatus are of the series measurement type. Equations which relate one 
set of equivalent circuit parameters in terms of the other set are therefore nee-
essary. The impedances Z and Z of the series and parallel circuits respec-
s p 
tively, as illustrated in figure 8, are given by: 
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FIGURE 8. Equivalent circuits of dielectric sample 
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where Z is the impedance of equivalent series circuit. 
s 
R is the series circuit resistor. 
s 
C is the series circuit capacitor. 
s 
Z is the impedance of equivalent parallel circuit. p 
R is the parallel circuit resistor. p 
C is the paralei circuit capacitor. p 
w is the angular frequency. 
36. 
Equations (18) and (19) can be equated because both models represent the sample. 
From the real parts of the resultant expression one obtains: 
R == R /(1 - R2 2 c2) 
s p/' Pw P (20) 
Similarly from the imaginary parts results: 
R 2 2 C C = 1 + R 2 2c2 pw p s pw p (21) 
The Q factor of an electric circuit is defined as: 
_  Maximum Stored Energy 
Q - Average Energy Loss Per Radian (22) 
and is thus a function of the loss of the circuit. In the equivalent circuit anal-
ysis of dielectrics, the dissipation factor is defined: 
From the textbook of Kittel (66)it is readily determined that in terms of the 
series circuit parameters the dissipation factor may be expressed as: 




Combination of relations (20), (21), and (22) yields the dissipation factor as a 
function of the parallel circuit elements: 
D .- 1 
R wC p p 
(25) 
From expressions (20), (21), and (25) one may obtain the parallel circuit 





1 + n2 
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(26) 
Equation (26) can then be used with series measurement apparatus to calculate 
the parallel, or ''actualn capacitance. The capacitance of the sample is related 
to the dielectric constant, for a circular disc sample, by the geometric relation: 
where 
K = 4 C t 
. 0885 7T p d2 
C is the capacitance in picofarads. p 
K is the relative dielectric constant. 
t is the thickness of disc shaped sample, in em. 
d is the diameter of sample, in em. 
(27) 
B. DIELECTRIC PROPERTIES MEASUREMENT AT ULTRA HIGH FREQUENCIES 
The measurement of dielectric properties at ultra high frequencies intro-
duces a complication which is negligible at lower frequencies. The lumped cir-
cuit concept discussed in the foregoing section is not applicable if the sample 
dimensions are an appreciable fraction of a wavelength. In general the wave-
length of the signal in a dielectric undergoing testing is given by: 
A =A 4 dielectric free space/ v J (28) 
where A. is the wavelength of given signal in a dielectric. dielectric 
i\ is the wavelength of given signal in a vacuum. free space 
K is the relative dielectric constant of the dielectric. 
For high permittivity materials, i.e. ferroelectric materials, K may be over 
38. 
1000. The sample must be quite small in size in order that shape effects do not 
seriously complicate the results. 
In order to minimize the problem, the specimens used in the present study 
were circular discs with a maximum diameter of . 26 em and thickness of . 046 
em. The factors controlling the minimum size of the sample were the brittle-
ness of the material and the ease of handling. Considering a frequency of 500 
MHz for a sample with the relatively high dielectric constant of 8000, for the 
dimensions referred to above, the diameter is approximately . 37A. while the 
thickness is . 067/\.. The thickness effect is negligible and the error caused by 
the appreciable size of the diameter in wavelengths can be corrected through 
procedures to be outlined below. 
An additional difficulty entailed in measuring ferroelectric substances is 
the fact that, as a function of temperature, the dielectric constant and thus the 
reactance of the sample may change in magnitude by a factor of ten or more. 
Sharpe and Brockus (67) show that for purely reactive samples (hence samples 
with no dielectric loss) the optimum sample impedance for measurement by a 
slotted line is equal in magnitude to the characteristic impedance of the line, 
in this case 50 ohms. Assuming a lossless sample of the dimensions considered 
above, for a dielectric constant of 8000 at a frequency of 500 MHz, the reactance 
of the sample would be about . 4 ohms. This results in a large mismatch but 
its effect can be overcome by use of tapered conductors, such that a portion of 
the line is utilized as a matching transformer.<67) Most of the measurements 
taken with the apparatus described in this report were on ferroelectrics with 
dielectric constants in the range of 100 to 1000 (50 ohms corresponds to a 
39. 
dielectric constant of 130), which can be measured without serious error. 
Offsetting the two above mentioned complications of high frequency 
measurements is the fact that high loss and high conductivity samples can be 
more easily studied with this apparatus than with the corresponding low fre-
quency bridge or resonant circuit. This can be illustrated by the lumped impe-
dance model, if one assumes the wavelength effects discussed above can be 
neglected. 
Considering the parallel model to represent the actual sample, from 
expression (25) it can be seen that the dissipation factor measured decreases 
linearly with angular frequency w. The assumption is that the capacitive and 
resistive parts of the sample, C and R , respectively, are largely frequency p p 
independent. 
Reliable dielectric results can be obtained only in conjunction with rea-
sonably low dissipation factors as can be seen from the definition of the dissi-
pation factor, expressions (22) and (2 3). There is thus an advantage in meas-
uring dielectric properties with as high a frequency as practicable on high loss 
materials. 
C. HIGH FREQUENCY MEASUREMENT LITERATURE REVIEW 
Many high frequency measurements have been made on the more common 
ferroelectric materials such as Rochelle salt and barium titanate. Typical of 
these are the measurements on barium titanate by Powles and Jackson (GS) and 
Davis and Rubin~69) These original measurements were generally of the filled 
wave guide or coaxial line type, as discussed by Montgomery!70) Gilmore~71 > 
40. 
and the operation manual for the G. R. 900 LB slotted line. <72> 
These measurements all utilize a sample which is an appreciable fraction 
of a wavelength or wavelengths thick. The comparatively large sample is, how-
ever, difficult to heat uniformly for measurements of dielectric properties as 
a function of temperature. In addition, a close sample fit to the conducting sur-
faces of the line is critical and difficult to obtain. The advantage of the filled 
wave guide method is the calculation procedure. The wave contraction in the 
material, as indicated by expression (28), causes no problem in this technique 
since the region of the transmission line filled with the dielectric sample can be 
considered as an equivalent line of different characteristic impedance. The 
only complications involved are the dielectric-air interfaces. 
The measurement of a thin (with respect to wavelength) disc shaped 
sample was described by Gemulla, (73) Sharpe and Brockus, (67) and Gerson 
et al. <74) This method has the advantage of uniform heating characteristics 
due to the small sample size, but, with high permittivity samples, shape effects 
become important which, as mentioned above, are avoided in the filled wave 
guide technique. Dielectric-air interface effects are also present. 
. (67) (73) (74) The above mentioned th1n sample measurement apparatus 
were constructed for moderate Curie temperature materials, such as barium 
titanate, and were fabricated entirely of conducting material, such as silver 
plated brass, because the maximum temperatures required were about 100 ° C. 
41. 
D. APPARATUS 
1 . . GENERAL DESCRIPTION 
The manufactured items in this apparatus consist of a General Radio 
900 LB slotted line, a General Radio DNT- 3 detection system, General Radio 
1218-A and 1021-AU oscillators with power supplies and accessory equipment, 
and a Leeds and Northrup millivolt potentiometer, no. 8691. Figure 9 is a 
block diagram of the circuit. 
The signal sources consist of two separate circuits for the frequency 
ranges 250-900 MHz and 900-2000 MHz. The 250-900 MHz circuit has a uhf 
signal generator with integral attenuator and power supply and an external 1000 
MHz low pass filter. The 900-2000 MHz circuit utilizes a unit oscillator with 
an external power supply, attenuator, and 2000 Mhz low pass filter. 
The matching network, containing an adjustable line and stub, is used 
to match the input impedance of the slotted line to the output impedance of the 
signal source, in order to obtain maximum transfer of power into the line. 
The 900 LB slotted line consists of a coaxial line with a narrow slot 
running longitudinally through the outer conductor, thus exposing the space con-
tained between the inner and outer conductors to a probe. The probe, which is 
mounted on a carriage, can be used to sample the electric field in this inner 
space at any point along the line. The field generates a voltage on the probe, 
which acts as a monopole antenna. The magnitude of the voltage is proportional 
to the field strength· ,of the standing wave. 
The DNT-3 detection system consists of a 250-960 MHz local oscillator, 
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FIGURE 9. Block diagram of high frequency measurement apparatus 
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mixer tee, and a 30 MHz intermediate frequency amplifier with attenuator, as 
shown in the blook diagram. The local oscillator is tuned to 30 MHz either above 
or below the carrier frequency and the resultant local oscillator signal is com-
bined with the carrier or source signal in the mixer. The resultant 30 MHz 
intermediate signal varies linearly with the amplitude of the source signal 
detected by the probe. 
The millivolt potentiometer is used in conjunction with a chromel alumel 
thermocouple for temperature measurements. The heat source used is a spec-
ially constructed resistance wound furnace adjusted with a variable auto trans-
former. 
The line has been mounted in a vertical orientation, the probe ·carriage 
counterbalanced by means of a series of weights and pulleys, in order to sim-
plify the construction of the sample holder. The holder, illustrated in figure 10, 
consists of a 9/16 inch inside diameter mullite tube, the inside surface coated 
with Dupont No. 7553 fire-on gold-platinum conductive paste, and a 1/4 inch 
diameter mullite rod, coated with the same conductive paste. Dupont No. 4731 
fire-on silver preparation may also be used, if the maximum temperature does 
not exceed 500 ° C, with the advantage of considerably greater electrical conduc-
tivity. 
The mullite tube and rod are mounted coaxially and supported at the 
lower end by a Teflon bead. The mullite tubing is joined to General Radio pre-
cision conductor tubing, using Dupont No. 4731 fire on silver preparation as a 
cement (air dried at room temperature), which is in turn connected to a General 
Radio 900 B. T. connector for attachment to the slotted line. 
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FIGURE 10. Construction of high temperature sample holder 
4 5 . 
In the construction of the sample holder the ends of the ceramic pieces 
were -ground to length with a lathe and tool-post grinder. The remaining ceramic 
surfaces were not machined but polished with 500 grit silicon carbide metallo-
graphic paper. All non-uniformities in the tubing due to the fabrication process 
were not entirely eliminated. The platinum-gold preparation was fired on the 
ceramic parts at 930 ° C for one- half hour and then burnished with a glass rod. 
Platinum foil of . 001 inch thickness was also attached to the upper end of each 
conductor, as shown in figure 18, by the use of the conductive paste as a cement. 
All machined surfaces in the precision brass tubing were replated with silver 
to maximize conductivity. 
The bead support was machined from Teflon with dimensions to fit the 
undercut and overcut inner and outer conductors, respectively, in order to main-
tain a constant line impedance of 50 ohms. The dimensions are given in figure 
10. 
where 
h h . t" . d f "al 1" . . (75) T e c aracter1s 1c 1mpe ance o a coa.x1 1ne 1s g1ven as: 
Z
0 
= ~8 log10 ( .;) (29) 
Z is the characteristic impedance. 
0 
K is the relative dielectric constant, K = 1 for air, K = 2. 1 
for Teflon. 
b is the inside diameter of outer conductor. 
a is the outside diameter of inner conductor. 





is the over cut diameter of outer conductor. 
a' is the undercut diameter of inner conductor. 
Expression (30) is derived neglecting interface effects. The capacity introduced 
in the line due to such edge effects can be compensated for by the use of an under-
cut face bead as described by Meinke!77) Ebisch~78) . and Sanderson~79) The 
discontinuities introduced by the bead edge effects are small compared to those 
introduced by the nonuniformities of the ceramic tubing however, so this addi-
tional refinement was not undertaken. 
2. PRINCIPLES OF OPERATION 
a. ) SLOTTED LINE EQUATION 
The lossless transmission line is described by the following equation (SO): 
where 




0 z + jZL tan (3 (1 - z) 
0 
{3 = 2 7r //\. 
z is the characteristic impedance of transmission line. 
0 
ZL is the load impedance. 
1\. is the wavelength of carrier signal. 
l,z are position variables. 
(31) 
Relation (31), gives the impedance Z at any point z along a uniform transmission 
line of characteristic impedance Z 
0
, given that a load impedance ZL exists at 
the end of the line at position 1. A diagram appears in figure 11. Rewriting 
expression (31) in terms of the load impedance ZL: 
47. 
z 1 
FIGURE 11. Equivalent terminated transmission lines 
= z 
0 
Z - j Z 
0 
tan j3 (1 - z) 
Z - j Z tan {3 (1 - z) 
0 
Suppose that at a point z = 1 there is a termination impedance Z :f Z . L o 
48. 
(32) 
' The standing wave thus established on the line will have a node, say at z = z · 
' or at a distance d = 1 - z from ZL. At this minimum 
z = 
where Z is the impedance measured at the minimum. 
r is the voltage standing wave ratio on the line. 
The voltage standing wave ratio r is defined by: 
r ~ V MAX/v MIN 
(33) 
(34) 
where V MAX is the voltage at the antinode of the standing wave pattern. 
V MIN is the voltage at the node of the standing wave pattern. 
Substitution of (33) .into (32) yields the equation governing the operation 
of the slotted line: 
= 
Z (1 - jr tan ,B d) 
0 
r - j tan {3d (35) 
If the standing wave ratio r and the distance d, measured from the load to the 
node or minimum on the line, are known, the load impedance ZL can be cal-
culated using (35). 
The electrical length d, will differ from the physical measurement if 
any discontinuities are present. A convenient way to overcome this problem is 
to make a measurement with a short circuit in place of, and at the position of 
ZL. For a short, ZL = 0. Expression (31), for the short circuit termination 
case, then reduces to: 
where as above: 
z 
r 
jZ tan {3d 
0 




The expression for the voltage standing wave ratio in terms of the characteristic 
and load impedances of the line (80) is: 
z - z 
I + L o z + z 
r = L o 
z - z 
I L o - z + z L o 
For a short circuit termination, (37) reduces to: 
r = 
I + III 
I - III - 00 





j tan /3d 
Taking the limit indicated in (38), expression (39) becomes: 






Combination of (40)with the definition of f3 given in (31) gives the restrictions 
r 
for the value of d 





n = 1,2,3,----- (41) 
' For the short circuit termination, distance d is equal to an integral number of 
half wavelengths. Due to the periodicity of the tangent function: 
' tan f3 d =- tan f3 ( d - d ) (42) 
Statement (42) indicates that (35) may still be used in a sample- short compari-
son measurement where, as above, r is the voltage standing wave ratio meas-
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ured with the line terminated by the sample, but d is now redefined as the shift 
in the minimum at the probe when the sample is replaced by the short circuit. 
The shift d will be toward the load when the sample is replaced by the short 
circuit, assuming that the sample is capacitive. The measurement procedure 
is pictured in figure 12. 
b.) STANDING WAVE RATIO MEASUREMENT 
The two usual methods for the determination of the voltage standing wave 
ratio depend on the characteristics of the detector. They are known as the 
attenuator and width of minimum methods. (81)(82) Winzemer(83)gives additional 
techniques which are not dependent on detector characteristics but entail a more 
complex procedure. The attenuator method is a straightforward utilization of 
relation (34). The maximum and minimum voltages V MAX and V MIN are 
measured with the probe. Errors can be present with this technique as the 
result of excessive probe coupling of the standing wave. Probe coupling with 
the electric standing wave will be greater at the antinodes than at the nodes. 
If the probe penetration is excessive the coupling at the antinode will be suf-
ficient to distort the pattern of the standing wave, resulting in a false V MAX 
reading. This is a serious problem in high voltage standing wave ratio deter-
minations. 
Problems with excessive probe penetration can be avoided if the width 
of minimum procedure is used. That method was used in this work. 
The measurement is taken in the following manner: A convenient min-
imum is located, and a signal strength reading is taken; the carriage is then 
positioned at either side of the minimum at a point where the signal strength 
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is three decibels greater than at the minimum and the carriage position is 
noted. The measurement is repeated at the other side of the minimum. A plot 
of a typical response about the minimum position is given in figure 13. The 
standing wave ratio can then be calculated from the following relation: 
A 2 
=-
7rA ~A r = (43) 
where r is the voltage standing wave ratio. 
~ is the width of minimum, the distance between the 3 db. points. 
A is the wave length of signal. 
Relation (43) holds only for r greater than 10. The measurement is illustrated 
in figure 13. Expression (43) is derived in appendix ill. 
Combination of (43) with (35) yields the slotted line equation as used in 
this work. The standing wave ratio must be greater than 10 for validity. 
ZL = z o [1 - j Fa tan p dl 
~- jtan,Bd /JA 
(44) 
where Z is the impedance of unknown. 
L 
Z is the characteristic impedance. 
0 
d is the shift in minimum when unknown is replaced by short. 
6. is the width of minimum. 
The slotted line can be considered to be a series measurement instru-
ment. The impedance of the unknown can then be expressed as: 
= R 
s 




The dielectric constant and dissipation factor are then calculated using (24), 









x1 VOLT AGE AT PROBE 
FIGURE 13. Voltage standing wave ratio measurement by Width of 
Minimum Method 
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3. CORRECTIONS REQUffiED BY OPERATION CONDITIONS 
a.) CALIBRATION PROCEDURE 
54 . 
The slotted line relation (44) was subject to several correction factors 
due to the nature of the apparatus used in this work. Corrections for sample 
holder discontinuities, sample holder attenuation, and sample size and shape 
effects were applied. 
i.) DISCONTINUITY CORRECTION 
The discontinuities introduced in the transmission line by the non-uniform 
bore tubing and the smaller discontinuities introduced by the support bead can 
be corrected for by the calibration procedure of Weissfloch (S4)(9l)termed the 
tangent or nodal shift method. A refined version of analysis of the calibration 
procedure data due to Olner (SS) and described by Ginzton (SS)was used to identify 
the correction factors. The unknown transmission line, in this case the sample 
holder, was connected between a slotted line and adjustable stub, as shown in 
figure 14. The method consisted of the termination of the unknown with a series 
of known reactances, obtained by adjustment of the stub, and comparison of 
those with the corresponding reactances measured by the slotted line. The 
discrepancies are due to discontinuities in the unknown. The measurements 
were taken by the mounting of a 20 em General Radio stub and sections of air 
line on the upper end of the sample holder as shown in figure 15. Displace-
ments of the adjustable stub were compared with the corresponding displace-
ments of the minimum on the slotted line as illustrated in figure 16. 
From expressions similar to the transformer relation of Weissfloch, 
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FIGURE 15. Construction of adjustable stub to sample holder coupling 
where 
tan (3 (D - D ) = R R tan {3 (S - S ) R 
Dr is the reference plane position on slotted line scale. 
S is the reference plane position on adjustable stub scale. 
r 
D is the position of minimum on slotted line scale. 
S is the position of minimum on adjustable stub scale. 
56. 
(45) 
R is the residual standing wave ratio of unknown transmission 
line (sample .holder). 
The double angle tangent identity permits (44) to be rewritten as: 
tan (3 (D - D + S - S ) = (R - 1) tan {3 (D - DR) 
R R 2 R +tan (j (D- DR) 
(46) 
If the unknown transmission line has small discontinuities, the residual standing 
wave ratio R will be close to one in magnitude. Define: 
R = 1 + € (47) 
Use of approximation (4'7:) causes (45) to simplify: 
€ tan{3(D- DR) 
tan {3 (D - D + S - S ) = 2 == -2€ sin 2 {3 (D - D ) ( 4 8) R R R 1 + tan {3 (D- DR) 
Since the sample holder is assumed to have small discontinuities, it is also 
valid to set: 
tan {:3 (D - D + S - S ) = /3 (D - D + S - S ) R R R R (49) 
with approximation (48), (47) reduces to: 
R-1 
D + S = (DR + SR) + 2 {3 sin 2 /3(D - DR) 
(50) 
Equation (50) is the equation of the calibration curve. A typical curve is plotted 
in appendix I. 
57. 
For an ideal transmission line (or sample holder) the residual standing 
wave ratio will be equal to one: 
R 
Hence from (49): 
D + s = 
1 
D + S R R 
(51) gives the calibration curve for an ideal transmission line. Addition of D 
to both sides of (51) and rearranging: 
D 




2 {3 sin 2 {3 (D - DR) 
where 13 :::; 2tr I A 
D is the measured position on slotted line scale. 
' D is the corrected position on slotted line scale. 
' Equation (54) gives the location of the corrected position D in terms of the 





A computer program was written, which adjusted the raw data variables 
D and S to the calibration curve (50). The quantities R, DR and SR were used 
as adjustable parameters for a least squares fit. Comparison of the experi-
mental D values with those calculated by (50) showed that the results differed by 
less than one percent. The values of DR and R thus obtained were used with 
the correction equation (53) to correct the raw data. The least squares fit 
computer program is given in appendix I. 
58. 
ii.) ATTENUATION CORRECTION 
In the above calibration procedure, the attenuation of the unknown trans-
I 
mission line has been neglected. It is possible to take attenuation loss into 
account through the use of a generalized Weissfloch relation <87): 
' It (R + j R ) tanh o (S - SR) 
where a+ jJ3 
a is the attenuation constant of Unknown transmission line. 
r rr 
R :+" jR is the complex residual standing wave ratio. 
For the case of small attenuation it is difficult to make a precise measurement 
of the attenuation constant (X with this approach. 
The attenuation was determined by the use of the scattering coefficient 
method discussed in the General Radio 900 LB handbook, The procedure was 
to make one measurement each with the slotted line, minus holder, terminated 
by an open circuit and short circuit. Both measurements were then repeated 
with the sample holder placed between the slotted line and terminations. The 
procedure is shown in figure 17. From these data the attenuation of the device 
may be calculated. The terminations used were General Radio 900 WO and WN 
open and short circuit terminations, respectively, and two custom made term-
inations machined from brass and subsequently silver plated. ·The custom 
made terminations were constructed to be as mechanically and electrically 
similar as possible to the General Radio manufactured items. When the atten-
uation constant 0! was known, correction for the standing wave ratio was then 
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FIGURE 17. Measurement of sample holder attenuation 
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r ::: coth [tanh-! .; - a~ (55) 
where r is the actual standing wave ratio. 
r is the measured standing wave ratio. 
tx is the attenuation per unit length (nepers/ em). 
1 is the length of unknown (em). 
For high standing wave ratios where r is greater than 10, (55) reduces to: 
(56) 
The ·.derivation of Expression (55) is contained in appendix IV. 
The results of the calibration measurements on the sample holder, 
illustrated in figure 10, were: 
a 1 - . 005 nepers 
R - 1.095 
Substitution of (43) into (56) gives the corrected standing wave ratio in terms 
of the measured width of minimum, .6.: 
' [{3.6. ~ -1 r = -- - al 2 
b.) SAMPLE SIZE AND SHAPE CORRECTIONS 
The remaining corrections to the slotted line equation (44) are those 
due to sample size and shape. 
i.) SAMPLE INDUCTANCE 
The geometry of the upper end of the sample holder is not the same for 
both the sample and the short circuit, which is evident from figure 18. Suppose 
all impedances are considered to be measured from the end of the center con-
61. 
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FIGURE 18. Measurement of sample inductance 
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ductor, in a direction away from the generator. Define this position as point a 
which lies on reference plane A, perpendicular to the axis of the coaxial holder. 
In the case of the short circuit, the platinum diaphragm is coincident with plane 
A at both the center and outer conductors. When the sample is positioned at 
the end of the center conductor, however, the diaphragm is coincident with 
plane A only at the outer conductor, and is displaced distance t, the thickness 
of the sample, from the reference plane in the vicinity of the sample. The dis-
placement of the diaphragm from the reference plane can be accounted for by 
the measurement of a dummy, made of conducting material, the same diameter 
and thickness as the sample. Electrically the procedure is equivalent to meas-
uring the inductance of the sample. The correction is thus given by: 
where 
ZSAMPLE = ZSAMPLE, SHORT- ZDUMMY, SHORT (5S) 
ZSAMPLE is the impedance of sample, corrected for 
inductance. 
ZSAMPLE, SHORT is the impedance of sample with respect to 
short circuit. 
ZDUMMY, SHORT is the impedance of dummy with respect to 
short· circuit. 
ii.) HIGH FREQUENCY CORRECTIONS OF THE DIELECTRIC CONSTANT 
The high frequency corrections for sample size and shape, made nee-
essary by the high permittivity ferroelectric materials are discussed in a gen-
eral fashion in the texts by Montgomery, Dicke, and Purcell, (S9)Ramo and 
(90) . (91) . Whinnery and Marcuv1tz. A more straightforward but less general 
mode of calculation can be employed however. The region about the sample 
63. 
as pictured in figure 19, is considered approximated by an infinite radial line 
with ideal conducting walls. The sample is also assumed to have negligible 
loss characteristics. 
The derivation proceeds by a consideration of the time- harmonic Maxwell 
relations for a nonconducting, isotropic medium: 
~divE = 0 
0 
pdiv H = 0 
0 (59) 
curl E = - jpwH 
0 0 
curl H = j EwE 
0 0 
where E is the electric permittivity. 
p, is the magnetic permeability. 
If the assumption is made that the sample is very small in size compared to 
the wave length of the signal,only the lowest electric field mode need be con-
sidered, the E 
1 
mode. In cylindrical coordinates the symmetry of the E 0 - 01 
mode is such that the only field components which are non- zero are E and 
z 
H <f The two vector relations of (59) expressed in cylindrical coordinates for 




1 a (rH..~-.) 
r ar '#-' jw€E z 
From the above two equations, a wave equation in E may be constructed: 
z 
oE 
1 a z 
"i= ar (r ar-> 
2 
+ W J.LEE = 0 
z 
Expression (61) is a Bessel equation of order zero. The solution is thus: 
::;: F J (kr) + G N (kr) 
0 0 






SIDE VI£W TOP VIEW 
FIGURE 19. Geometry for the radial line approximation 
65. 






K is the relative dielectric constant. 
e is the permittivity of free space. 
0 
Expression (63) can be expressed for dielectric material as: 
k = w ..JI!-
0 
E0 ..fK = fNK (64) 
In reference to diagram 12, let the radius of the sample be given by a. The 
solution (62) must satisfy the boundary conditions as established by the geometry 
of the holder. Since the center of the sample, (r = o), is not excluded from the 
problem: 
G = 0 
Condition (65) is required because the Neumann function N (kr) is not well 
0 
behaved at r = o. 
(65) 
Consider the end of the line as a set of parallel plates separated by dis-
tance t, with potential A neglecting fringing due to edge effects. The field in 
air ( r > a) is thus: 
E (r >a) = A/t 
z (66) 
The electric field continuity condition requires the tangential fields to be con-
tinuous across an interface. Thus the fields within and outside of the sample 
must be equal at the boundary r = a: 
E (r> a) 
z 
= E (r = a) 
z (67) 
From (62), (65) and (66) at r = a, 
A E (r = a) = - = F J (ka) 
z t 0 









The displacement in either conductor of the radial wave guide is given 
by: In I 0 
The displacement just inside the sample at the top dielectric-metal interface in 
the radial wave guide, derived from the displacement continuity condition, is 
then given by: 
/\ 
D · n=a (70) 
Similarly the displacement boundary condition for the lower radial wave guide 
metal-dielectric interface is given by: 
where 
1\ 
-D· n=CY (71) 
a is the surface charge density on the conductor at the 
interface. 
/\ 
n is a unit vector perpendicular to the interface directed 
toward the conductor. 
Integration over the upper metal-dielectric interface yields, using (70): 
rJadr = <P = Ln · ~dr (72) 
where ~ is the total charge on upper plate of the radial line 
d,- is an element of surface area at the interface. 
By geometry, at the upper plate: 
In I= 






Similarly for the bottom conductor plate; the charge is given by: 
cJ? - J21l'Ja d ""' BOTTOM - - € o o E z r r d '+' (75) 
Substitution of (69) into (74) and the computation of the indicated integral results 
in the expression: 
-»TOP :::: 2 7r € a} A o t J (ka) J o (kr) r d r = € 
0 
where € is the true electric permittivity 




When a capacitance measurement is taken, however, the assumption is 






E (r) = 
z t 
Then using relation (74): 
where 
.PTOP = 2 7T€m T J: 2 1ra A rdr = €m t 
€ is the. measured electrical permittivity. 
m 
(78) 
Since (76) and (78) both determine the same amount of charge on the plate, they 




= ~ (Jl (ka)) 




Equation (79) is the same as that given by Gemula. <94) 
The Bessel function expansion for an ascending series is given by: <95) 
v oo (- i l) n 
J (X) = (.!) :E 
v 2 n=o n!r(v+n+1) 
r (x + 1) = x! 




1 2 1 4 
= 1 + 8 (ka) + 4 8 (ka) 
(80) 
(81) 




= 1 + _.!_ (8 d) 2 K + 1 
32 768 
{3 = 27f 
A. 
K is the measured relative dielectric constant. 
m 
K is the true relative dielectric constant. 
A. is the wavelength of measurement signal in em. 
d is the diameter of sample in em. 
(82) 
Expression (82) cannot be solved conveniently for the dielectric constant K so 
it was evaluated by use of a successive iteration procedure as a subroutine in 
the computer program given in appendix n. 
4. THE DIELECTRIC CONSTANT AND DISSIPATION RELATIONS 
Substitution of (56) into (35) yields the slotted line equation corrected 
for attenuation: 
69. 
z = z [ 1 - j tan Pd/ @ 4/2 - a 1 ) l 
L o 1 I ( /3 ~/ 2 - al) - j tan ,8 dj (83) 
By definition let D = 0 represent the end of the slotted line scale as in figure 12. 
Let the width of minimum ~be defined as: 
where 
6 = D - D 2 1 
(84) 
D2 is the width of minimum point to left of minimum, figure 12. 
n1 is the width of minimum point to right of minimum, figure 12. 
If the minimum node is symmetric, the minimum position d can be defined as: 
D · · ·n · 
2 - 1 d = D + (85) 
1 2 
The slotted line scale correction factor given by (54), due to the sample holder 
discontinuities, applied to (84) and (85) yields: 
' ' 6,= D2 - D1 (86) 
' 
' 
n · ·- D1 
d = D1 + 
2 (87) 
2 
6 and dare now corrected for the residual standing wave ratio of the sample 
holder. From (54) the correction factors are given by: 
D1 
R-1 
sin 2/3 (D1 DR) D1 = - -2{3 
(88) 
' R-1 
D2 = D2 sin 2 ,B (D2 - DR) 2fj 
here R is the residual standing wave ratio. 
DR is the reference plane position for sample holder calibration. 
70. 
Substitution of (86) and (87) into relation (83) gives the slotted line relation, 
corrected for sample holder attenuation and discontinuities in terms of the 
measured width of minimum points D, D 2 : 
= z 
0 ' ' 
(89) 
where 




' ' n1 ,n2 are defined by relations (88) above. 
a I is the attenuation factor in nepers. 
{3 is defined by (31). 
D 1 , D 2 are observed width of minimum points (D 2 > D 1), selected by (43). 
The impedance corrected for sample inductance is then obtained by sub-
stitution of (89) in expression (58). The dielectric constant and dissipation 
factor are obtained from the resultant equation by the successive application of 
(18), (24), (26) and (27). The final computation involved is to correct the di-
electric constant K obtained at the application of (2 8) for high frequency sample 
m 
size and shape effects. This is accomplished by the successive iteration cal-
culation of (82). 
The relative amounts of contribution to the calculations from the various 
correction factors for various samples are discussed in appendix V. 
The computation of the dielectric constant and dissipation factor are 
rather involved, as seen from the above outline. As the calculation of many 
values for a dielectric constant-dissipation factor versus temperature plot 
would be very time consuming, a computer program was also written for this 
71. 
procedure. The program is given in appendix ll. The program first corrects 
the observed data points D , D through the use of relation (88). The residual 1 2 
standing wave ratio R and reference plane position D values were previously R 
calculated from the least squares fit program given in appendix I and outlined 
in the calibration section above. 
Each term in sample inductance correction equation (58) was calculated 
by use of (89). The dielectric constant and dissipation factor were then obtained 
by means of (18), (24), (26) and (27) as outlined above. The computer was pro-
grammed, following those steps, to carry out the iterative solution of (82) as 
discussed above. A format statement at the end of the program printed the 
output as temperature versus dielectric constant and dissipation factor for con-
venience in graph plotting. 
E • . SAMPLE PREPARATION 
The samples were prepared from mixtures of the constituent oxides 
Bi 0 , Fe 0 , TiO , ZrO and PbO by co-workers at the U. M. R. Materials 
2 3 2 3 2 2 
Research Center. The oxides were, sintered and examined, by X-ray diffraction, 
for completeness of reaction. The details of the sample preparation procedure 
(54) . (60) 
are outlined in the Masters Theses of Chou and Clarida. . 
The powdered samples were then hot pressed in a MgO matrix with the 
use of an induction heater (Ther-monic 300A). Pressures in the range of 10, 000 
lbs./inch2 at temperatures to 1000°C were used. The details of the pressing 
procedure will be given in the Ph.D. dissertation to be submitted by Canner. (95) 
Table n gives the hot pressing data for the samples measured in the course of 
this research. 
72. 
TABLE II. HOT PRESS DATA 























IN % BiFe03 LBS/IN
2 
°C. MIN GM./ CC. DIELECTRIC RESISTIVI1 
CONSTANT OHM CM 
BiFe03 
100 10,000 750 30 8.16 50 2.2x10 9 
100 10,000 700 60 7.19 2. 2xlo9 
BiFeO -PbTiO 3 3 
20 10,000 910 60 7.98 170 4x1o11 
30 7,500 850 60 7.00 85.5 
40 7,500 780 90 7.26 166 1.5x1o12 
50 10,000 750 90 7.40 112 1.8x1o11 
60 10,000 775 60 7.51 89 2.1x1o11 
65 12,500 750 120 7.50 240 
80 10,000 750 60 7.70 180 
90 10,000 750 120 8.25 120 1.1x102 
BiFe03 -PbZr03 
50 10,000 750 60 7.50 212 9x106 
60 12,000 740 60 7.44 193 1.5x109 
70 10,000 740 60 7.25 159 3.2x1o9 
75 15,000 740 60 8.00 162 
80 10,000 740 60 7.75 147 1.8x1o9 
90 10,000 740 60 7.50 86 1.0x1o9 
BiFeO -(50% PaTiO -50% PbZrO ) 3 3 3 
40 10,000 780 60 8.07 400 5x1o1° 
50 10,000 750 60 7.40 296 3x1o9 
60 10,000 750 90 8.08 185 7.6x109 
70 10,000 750 60 7.94 161 8.6x1o9 
80 10,000 750 60 8.22 132 8.3x1o8 
90 10,000 750 60 8.10 94 2.5x108 
73. 
The ceramic samples obtained from the hot press were about 1. 3 em in 
diameter and . 3 em in thickness. These samples were sliced into several 
pieces with a diamond impregnated wheel. (Diamond Tool Research 220 grit 
R 500). One of the pieces was then ground on a lapidary wheel, faced with met-
allographic paper of 240 and 400 grit, to the dimensions of . 254 em diameter 
and . 046 em thickness. Tolerances could be held to within + . 0025 em on the 
diameter and~ . 001 em on the thickness. 
The disc resulting from the grinding process was then coated with the 
platinum-gold preparation (Dupont· 7553) on the two parallel faces to form elec-
trodes. The electrodes were subsequently fired to the ceramic at 750 ° C prior 
to the taking of dielectric measurements. 
F~ MEASUREMENT PROCEDURE 
After the apparatus was calibrated by measurement of the sample induc-
tance (section Til D3bi), the sample was positioned on the end of the sample 
holder, at the center of the inner conductor as depicted in figures 10 and 18 and 
the photograph in figure 20. The platinum diaphragm was smoothed and flattened 
between two milled blocks of aluminum, and then carefully positioned over the 
sample and held in place by the boron nitride sleeve. The sleeve, which was 
spring loaded by a piece of ceramic tubing, caused the diaphragm to make con-
tact with the outer conductor of the sample holder. Positive electrical contact 
of the diaphragm with the sample was insured by the use of a short ceramic rod 
weight in the center hole of the sleeve (figure 10). 
74 . 
FIGURE 20. Photograph of apparatus and sample holder 
75. 
The dielectric measurement runs were always started at the maximum 
temperature anticipated necessary for adequate data. The temperature was 
then gradually reduced, at a rate not exceeding 1 degree per minute during a 
measurement, and a data point was taken every two to ten minutes until the 
temperature was within 100 degrees or so of room temperature. The temper-
ature of the holder was reduced by adjusting the voltage input to the resistance 
wound furnace by means of an autotransformer. Temperature measurements 





: as discussed in section m D4) was performed. The average of the two 
temperature readings was used to represent the temperature of the data point. 
76. 
IV EXPERIMENTAL RESULTS 
A. INTRODUCTION 
The data taken in the course of this work have been confined to three 
series of compositions within the ternary system: BiFeO - PbTiO , BiFeO -
3 3 3 
PbZrO , and BiFeO -(50% PbTiO -50% PbZrO ). The low BiFeO content 
3 3 3 3 3 











osition series were not investigated with the high frequency apparatus described 
in this report because satisfactory data had been previously obtained by con-
ventionallower frequency measurement techniques. The samples measured 
generally vary in increments of 10 percent BiFe03 content, with the exception 
of compositions in phase transition regions. 
B. BiFeO -PbTiO SERIES COMPOSITIONS 
3 3 
Compositions investigated in this series included those of 20, 30, 40, 
50, 60, 65, 80, and 90 molar percent BiFe03 content. A 10 percent sample 
could not be satisfactorily densified in the hot press; 70 and 75 percent BiFeo3 
content hot pressed ceramics proved too fragile to grind into the disc shaped 
samples required. The data were taken at a wavelength 56.6 em (530 MHz). 
The dielectric results are pre sen ted on the following pages as plots of 
dielectric constant and loss tangent (or dissipation factor) versus temperature. 
The dielectric constant and loss tangent curves both show peaks for the solid 
solutions of less than 70 percent BiFeO content. The loss tangent peaks occur 
3 
a few degrees lower in temperature than the corresponding dielectric constant 
peaks. 
77. 
Table m presents the major experimental results for the system. Sev-
eral trends are in evidence. The dielectric peaks, which correspond to the 
Curie points for the various materials, tend to increase in width with increase 
in BiFe03 content. At the same time, the magnitude of the dielectric constant 
at the Curie point exhibits a tendency to decrease in value with the increase in 
content of BiFe0
3
. The decrease in dielectric constant in samples tested is 
from a maximum of 4200 for 20 percent BiFe03 to 1200 for 80 percent BiFe03 
content. The Curie point variation with composition is similar to that found by 
the X-ray measurements of Fedulov, (5!) . illustrated in figure 5, with an impor-
tant exception. 
The dielectric data clearly show a decrease in Curie temperature at 65 
percent BiFe0
3 
content, which apparently was not detected in the previous X-ray 
experiment. This Curie temperature minimum is in the vicinity of the tetragonal-
rhombohedral phase transition referred to by Fedulov and others. Previous 
pure BiFeO Curie point determinations have_involved an extrapolation through 
3 
several points in the BiFeO -PbTiO system in complete disregard of the phase 
3 3 
transition. The minimum in Curie temperature at the phase boundary implies 
that this procedure is incorrect. Use of just the 80 and 90 percent BiFe03 
composition Curie points as obtained during this work however, still yields 
0 0 
an extrapolated pure BiFe03 Curie point of about 850 C-900 C. 
Plots of Curie points and Curie point dielectric constants relative to 
composition for the BiFeO -PbTiO solid solutions follow table lll (figures 
3 3 
29' 30). 







SAMPLE COMPOSITION AT ROOM AT CURIE 
NUMBER IN% BiFe03 TEMPERATURE TEMPERATURE 
C2-5 20% 140 4200 
C3-2 30% 110 2500 
C4-2 40% 120 2000 
C5-1 50% 130 3200 
C6-2 60% 105 2500 
C6. 5-4 65% 150 1470 
CS-3 SO% 150 1200 















544 + 2°C 
565 + 3°C 
569 + 1°C 
610 + 6°C 
66S+ 10°C 
652 + S°C 
714 + S°C 



















RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR VERSUS 
TEMPERATURE 20% B 1 FE03 - 80% PaT 103 . 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 30% BIFE03 - 70% PaTa03 
WAVELENGTH = 56.6 eM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 40% BeFE03 - 60% PaTa03 
WAVELENGTH = 56.6 CM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 50~ 8tFE03 • eo~ PaTt03 
WAVELENGTH = 56.6 eM 
DIELECTRIC CONSTANT o 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 60% BtFc03 - 40% PaTt03 
WAVELENGTH = 56.6 CM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEW~ERATURE 6~ B1FE03 - 35% P•T103 
WAVELENGTH = 56.6 eM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 8~ 8eFc03 • 2~ PaTa03 
WAVELENGTH = 56.6 OM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 90% B1Fc03 - 1~ PeT103 
WAVELENGTH = 56.6 CM 
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CURIE TEMPERATURE VERSUS COMPOSITION 
BeF£03 - PeTt03 SYSTEM 
WAVELENGTH == 56.6 eN 
EXTRAPOLATED POINT FOR BaFE03 o 
CURtE POINT PeTe03 o 
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CURIE POINT DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS COMPOSITION BeFc03 - PeTe03 WAVELENGTH 56.6 eM 
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C. BiFeO -PbZrO SERIES COMPOSITIONS 
3 3 
Solutions studied in this binary system included those of 50, 60, 70, 75, 
80, and 90 percent BiFe03 content. Compositions containing less than 50 molar 
percent BiF eO 3 were not studied because good data have already been obtained 
for these materials. (47)The data were taken at a wavelength of 56. 6 em. 
The dielectric constant and loss tangent versus temperature curves 
obtained for the BiFe03-PbZr03 compositions are reproduced on the following 
pages. The appearance of the data are similar to that formerly obtained for the 
BiFe0
3 
-PbTi03 series except that in this case, the Curie points are much 
broader and. more undefined. 
Table IV gives a summary of the data for the BiFe03 -PbZr03 system. 
As in the BiFeO -PbTiO system, the Curie points tend to occur at increasing 
3 3 
temperatures with increasing content of BiFe03 in the compositions. Similarly, 
the magnitude of the dielectric constant at the Curie point tends to decrease with 
the increase of BiFeo
3 
in the solutions. The dielectric constant at the Curie 
point declined from 750 at 50 percent BiFe03 content to 580 at 80 percent 
BiFe03 content. 
Just as it was discovered previously that the multiple cell orthorhombic 
phase I and n phase transition at 20 percent BiFe03 content was exhibited by 
the dielectric data as a minimum on the Curie point versus temperature curve, 
<47)it was found that a similar effect occurs at the orthorhombic n-rhombohedral 
transition near 72 percent BiFeO content. A plot of Curie points relative to 
3 
composition, figure 37, shows a minimum in the vicinity of the 75 percent 







SAMPLE COMPOSITION AT ROOM AT CURIE 
NUMBER IN% BiFeOg TEMPERArURE TEMPERATURE 
B5-1 50% 178 750 
B6-1 60% 111 470 
B7-1 70% 127 660 
B7. 5-2 75% 124 610 
B8-1 80% 101 580 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 50% BaFc03 - 50% PaZ"03 
WAVELENGTH = 56.6 eM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE ~ BIFE03 • ~ PaZ•03 
WAVELENGTH = 56.6 eM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 70% BaFE03 - 3~ PaZ~03 
WAVELENGTH = 56. 6 eN 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEtwPERATURE 7fl1, BtF£03 - 25% PaZR03 
WAVELENGTH = 56.6 eM 
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RELATIVE DIELECTRIC CONSTANT .AND DISSIPATION FACTOR 
VEKSUS TEMPERATURE 80% BeF£03 - 2Q% PaZR03 
WAVELENGTH = 56.6 eM 
DIELECTRIC CONSTANT o 
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CURIE TEMPERATURE VERSUS COMPOSITION 
B1FE03 - PaZR03 SYSTEM 
WAVELENGTH = 56.6 eM 
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CURIE POINT DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
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BiFeO 3 content sample. An extrapolation through the 75 and 80 percent samples 
yields a Curie point for pure BiFe03 in the vicinity of 900°C. Figure 38 gives 
a plot of the dielectric constant at the Curie point versus composition. 
D. BiFe03-(50% PbTi03-50% PbZr03) SERIES COMPOSITIONS 
Compositions investigated in this solid solution series are those of 40, 
50, 60, 70, 80, and 90 percent BiFeO 3 . Solutions containing less than 40 molar 
percent BiFe03 were not investigated with the high frequency apparatus because 
conventional techniques yielded satisfactory data. The data were taken at a 
wavelength of 56. 6 em. 
The results for the BiFe03-(50% PbTi03-50% PbZr03) series, in terms 
of dielectric constant and dissipation factor versus temperature, are similar to 
those of the two previously described compositions considered in sections Band 
C. The dielectric constant peaks are narrower than those of the BiFe03-PbZr03 
system, but not quite as sharp as those in the BiFe03 -PbTi03 system with cor-
responding amounts of BiFeO . The Curie point dielectric constant, as before, 
3 
shows the tendency to decrease in magnitude with increase in BiFe03 content. 
The dielectric constant and dissipation factor curves are illustrated in figures 
39-44. 
A plot of Curie point temperature versus composition, given as figure 
45, implies by a change in slope that a phase transition occurs, most likely in 
. (60) 
the vicinity of the 70 percent BiFeO sample. From the data of Clar1da, 
3 










TABLE V o THE BiFeO -(50% PbTiO -50% PbZrO ) SYSTEM 
3 3 3 
DIELECTRIC DIELECTRIC DISSIPATION 
CON STiNT CONSTANT FACTOR 
COMPOSITION AT ROOM AT CURIE AT CURIE 
IN% BiFeOl- TEMPERATURE TEMPERATURE TEMPERATURE 
40% 400 2600 .29 
50% 250 2000 0 36 
60% 220 2300 . 50 
70% 150 . 1500 0 75 
80% 130 1500 0 70 
90% 90 1330 . 81 
CURIE 
TEMPERATURE 
4SO + S°C 
512 + S°C 
540 ~ 6°C 
560 + 6°C 
680 + 80°C 

















RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TEMPERATURE 40% 8tFK03 • ~(5~ PaT103 • e~ PaZ•03) 
WAVELENGTH = 56.6 CM 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TElw'PERATURE 6~ BeFE03 - 5()%(5~ PaTe03 - 5~ PaZR03) 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION FACTOR 
VERSUS TO*ERATURE 70,C BaFc03 - 3~(8~ PaTa03 - 5~ PeZR03) 
WAVELENGTH = 56. 6 eM 
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RELATIVE DIELECTRIC CONSTANT AND 
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RELATIVE DIELECTRIC CONSTANT AND DISSIPATION 
FACTOR VERSUS TEMPERATURE 90% BeFc03 -
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transition is shown at 40 percent BiFeO 3 (figure 7). In this region of the ternary 
system the exact position of the phase boundary has not been precisely determined. 
It is possible that the transition occurs at a point closer to the 70 percent com-
position, but it might also be quite reasonable to speculate that the phase boundary 
could shift from the 40 percent BiFeO composition at 25° C to 70 percent BiFeO 
3 3 
0 
at 560 C. Phase boundary shifts with increase of temperature, although only 
about 1/6 of this magnitude, have been observed in the PbTi03-PbZro3 system. <
57
> 
An extrapolation from the phase boundary using the 80 and 90 percent BiFeO 
3 
samples predicts a Curie temperature of 900°C for pure BiFeo3 . 
Figure 46 gives a plot of the dielectric constant at the Curie point versus 
composition. The behavior found in the BiFe03-PbTi03 and BiFe03-PbZr03 
systems is again evident here. The dielectric constant decreases from 2600, 
at the Curie point of 40 percent BiFe03 content material, to 1400, at the Curie 
point of 90 percent BiFeO 3 content material. 
E. BiFe03 COMPOSITIONS 
Several measurements have been made on samples of BiFe03 at four 
different frequencies; 1502 MHz, 1101 MHz, 786 MHz, and 530 MHz. Figure 47 
is a result obtained on a sample at 56. 6 em (530 MHz). The dielectric constant 
rises slowly from a minimum of about 50 at 25°C to about 120 at 600°C. The dissi-
0 
pation factor, or loss tangent rises from about . 13 at 25 C to more than 1. 00 at 
600 ° c. There appears to be an anomaly in the loss tangent curve in the vicinity 
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V DISCUSSION OF EXPERIMENTAL RESULTS 
The three BiFeO 3 solid solutions series investigated show similar behav-
ior in several categories when studied in terms of BiFeO content. 
3 
The Curie points have a tendency to occur at progressively higher tern-
peratures with the increase in content of BiFe03 in the ceramics. For a given 
percentage of BiFeO 3 , the Curie temperature increases with the increase of 
PbTi03 in the material, as tables ill, IV, and V illustrate. The phase trans-
ition to the rhombohedral structure of BiFe03 is clearly shown in all three 
series (figures 29, 37, and 45) as a dip or inflection on the plot of Curie point 
temperature relative to composition in the vicinity of the phase transition. As 
pointed out in section IV, use of an extrapolation procedure with only those data 
points on the rhombohedral side of the transition yields, in all three series 
compositions, a Curie point in the vicinity of 800-900°C for pure BiFe03 . 
Previous investigators, in the determination of the Curie point of BiFeO 3 , 
have used extrapolation procedures, but with the disregard of any phase bound-
aries present. The extrapolation used in this work should be valid however, 
because only those data points in the rhombohedral region were used. No addi-
tional phase transition is known to exist within the rhombohedral phase region 
in any of the solid solution series referred to. 
In the rhombohedral region of high BiFe03 content in all three 
composition series an interesting observation can be made. For a given BiFe03 
content the slope of the Curie temperature versus composition curve appears to 
increase in direct proportion to the amount of PbZr03 contained in the material. 
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The slope is at a minimum for the BiFeO - PbTiO compositions and at a ma.x-
3 3 
imum for the BiFe03- _PbZr03 compositions. The value of the slope corres-
ponding to the BiFe03 (50% PbTi03- 50% PbZr03) series lies halfway between 
the two extremes. 
The dielectric constant at the Curie point, in all three series, decreases 
with increasing content of BiFeO , reaching minimum values in the rhombohedral 
3 
phase region isomorphous with the structure of pure BiFe03. In addition, in 
the vicinity of the phase transition to the rhombohedral region, a rather sharp 
decline in dielectric constant occurs. Several samples have dielectric constant 
values which appear too low (figures 30, 38, 46; tables m, IV, V) in relation to 
surrounding compositions, but reference to table ll shows that these samples 
also have lower densities than the surrounding compositions. 
It is interesting to plot the dielectric constants and dissipation factors 
obtained at the Curie points of the various materials versus composition, as 
has been done in figures 30, 38 and 46 and identify the values at the Curie point 




extrapolates to about 1300 for the BiFe03-PbTi03 and BiFe03-(50 % 
PbTiO -50% PbZrO ) compositions. The Curie point dissipation factor, for the 
3 3 
two series of compositions, extrapolates to about 1. 0 for BiFe03. The extrapo-
lated Curie point dielectric constant and dissipation factor for BiFe03 obtained 
from the BiFeO -PbZrO series of ceramics are about 750 and 1. 5 respectively. 
3 3 
The reason for the disagreement of the BiFe03-PbZr03 system results 
with those of the other systems is very likely due to the free Zr02 , which has 
been detected by X-ray analysis in those ceramics. The ZrO impurities 
2 
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probably dilute the ferroelectric properties of the materials hence reducing the 
dielectric constant below its undiluted value. The dielectric constant and dissi-
pation factor results obtained for the BiFeO - PbZrO system should thus not 
3 3 
be attached too much significance. 
Anomalies in the dielectric curves have been noticed by other investiga-
tors in high BiFe03 content materials .• As discussed in section n, these anom-
alies have been ascribed to an interaction with magnetic properties. In the 
dielectric data for BiFe03 , 90% BiFe03-IO% PbTi03 , and 80 % BiFe03- 2o % 
PbTiO 3 obtained in this work a rise appears in the dissipation factor near the 
Neel points of 370, 350, and 330°C, respectively. Evidently, as the material 
is heated through the Neel points, conduction electrons are released to the lat-
tice, which cause a rise in conductivity, as evidenced by the increase in the 
loss or dissipation factor of the material. The relative dielectric constant 
appears not to be affected. 
Two of the samples tested do show Curie-Weiss behavior in both the 
dielectric constant and loss tangent curves. These are the 30 % BiFe03-70% 
PbTiO and 40% BiFeO -60% PbTiO samples. The 20% BiFe03-80 % PbTiO 3 3 3 3 
sample was not measured far enough above the Curie point to check for curve 
shape. The Curie-Weiss behavior is exhibited, from the maximum temperature 
applied, to within about 40° of the Curie point, a range of about 40° for either 
sample. All other samples measured do not exhibit Curie-Weiss behavior in 
either the dielectric constant or dissipation factor curves. Plots of the Curie-
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The high temperature coaxial sample holder constructed for this study 
has proven to be a very useful device for the study of dielectric properties. 
Results can be obtained under conditions where conventional equipment would 
be quite useless. 
This work has demonstrated that Curie points can be observed in BiFeO 
3 
ceramics containing as much as 90 molar percent BiFeO . The rhombohedral 3 
phase region isomorphous with BiFe03 has thus been established as having ferro-
electric or antiferroelectric behavior. The distinction between ferro- and anti-
ferroelectric behavior can not be made, however, on the basis of the dielectric 
constant versus temperature curves. The broadness of the Curie points obscure 
any ferroelectric or antiferroelectric properties which would be evident in low 
loss material (figure 2). 
While the dielectric measurements reported in this work on BiFe03 are 
consistent with either ferroelectricity or antiferroelectricity, some inferences 
concerning the ferroelectric properties of BiFeO 3 can be made with the use of 





, it has been found that in transitions through the Curie 
point from the paraelectric state a ferroelectric material undergoes a volume 
. (96) 
expansion, but the unit cell of an antiferroelectr1c contracts. In other words 
at a temperature just below the Curie point a ferroelectric has a negative volume 
expansion coefficient, while the converse is true of an antiferroelectric. 
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A study of the thermal expansion properties of BiFeO , using a dilato-
3 
(65) 
meter, has been made. The authors present a plot of the fraction of the 
change in length to length, 61/1, versus temperature. They found that at a 
temperature in the vicinity of 850 ° C a sharp increase in 61/ 1 occurred with a 
small decrease in temperature, indicative of a paraelectric to ferroelectric 
transition, similar to results previously obtained with PbTiO . <97> If the data 
3 
are correct, strong evidence exists in support of ferroelectricity in BiFeo
3
. 
Unfortunately no confirmation of these data, to the knowledge of the writer, has 
yet been published. 
In this connection it is interesting to examine unit cell volume data for 
the three solid solution systems studied in the course of this work. 
It has been established for the BiFe03-PbZr03 series compositions 
that the volume of the unit cell tends to decrease with increase in BiFe03 content 
at room temperature. (47)(S4)(SS) This is because the bisrp.uth ions are significantly 
smaller than the lead ions in the structure. In a plot of unit cell volume versus 
mole percent BiFeO composition (figure 50), it is found that the curve through 
3 
the antiferroelectric orthorhombic phase I region below 20% BiFe03 content 
extrapolates in the orthorhombic phase n region to unit cell volumes smaller 
than experimentally obtained in the ferroelectric phase n region. The unit cell 
volume thus appears to be enlarged due to the ferroelectric nature of the com-
positions in the phase II region. A similar but much larger effect occurs at 
the orthorhombic phase n- rhombohedral boundary near 70% BiFe03 content. 
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region isomorphous to BiFeO would have a stronger volume effect than those 3 
materials belonging to the phase n region because the unit cell appears to be 
significantly larger than the extrapolated values. This volume effect could be 
due to ferroelectric behavior in the rhombohedral region. 
Similar measurements have been made at the U. M. R. Materials Research 
Center on the BiFeo3-(50% PbTiO -50% PbZrO ) system. <
98) In this case 
3 3 
I 
however, it has been found that the unit cell volume decreases smoothly through-
out the various phases of the system. An extrapolation from the tetragonal 
phase region to the rhombohedral region (see figure 7) yields data coincident 
with the experimental rhombohedral phase data. This would indicate that volume 
effect due to ferroelectricity in the rhombohedral region would be about equal 
to the lower BiFe03 content tetragonal region, which is known to be ferro-
electric. 
The unit cell volume changes in the vicinity of the tetragonal-rhombohe-
dral phase transition of BiFe03-PbTi03 system near 70% BiFe03 content have 
been investigated by Fedulov et al. (5!) They found that the volume abruptly 
decreases at the transition from the strongly ferroelectric (as indicated by the 
extremely high c/ a ratio of 1. 2) tetragonal structure to the rhombohedral struc-
ture isomorphous with BiFe03. 
The composition study results might indicate that the volume effect 
associated with ferroelectricity in BiFeO is less pronounced than the effect 3 
in the BiFeO - PbTiO tetragonal region but more evident than the observed 
3 3 
ferroelectric effect in the multiple cell orthorhombic phase IT region of the 
120. 
BiFe03-PbZr03 compositions. Considered together with the dilatometric results 
of Krainik(65)quoted above, the implication is that BiFeO is a ferroelectric 
3 
material. The problem could possibly be resolved with more dilatometric 
measurements on the BiFeO -PbTiO system as well as on BiFeO 3 3 3. 
Recently neutron diffraction work performed by co-workers at the Mat-
erials Research Center suggests a doubled unit cell caused by a puckering of the 
oxygen octahedral structure in BiFe03 in apparent agreement with the work of 
Plaktii et al. (63) As BiFeo3 content was increased, in the BiFeO -(50% PbTiO -3 3 
50% PbZr03) series studied, the electric coercive field has been observed to 
increase. (9S) This could be explained by the puckered octahedral structure, 
which would become more in evidence with increase in BiFe03 content. Unlike 
the puckered octahedral structure in PbZr03 , which coupled with the lead ion 
displacement is responsible for antiferroelectric behavior, a puckered structure 
in BiFeO together with the observed non-displacement of the bismuth ions 
3 
would not alter its ferroelectric nature. 
The fairly large extrapolated values of the dielectric constant at the 
Curie temperature of BiFeO and the high values of the Curie point dielectric 
3 
constants in the high BiFeO content rhombohedral phase mixtures are an addi-
3 
tional indication of the presence of ferroelectricity in those materials. In all 
cases the dielectric constants obtained are significantly greater than 1000, except 
in the BiFeO -PbZrO series solution, which contain Zr02 impurities (section 3 3 
V). In general antiferroelectric ceramics would tend to possess lower values 
of dielectric constant. 
121. 
It should be mentioned that the questionable dielectric measurements 
f K . ik al(65) o ra1n et . referred to in section IT E 5 indicated that the Curie point 
dielectric constant is only about 150 or about 1/10 the values obtained in this 
investigation. They found this small value difficult to explain on the basis of a 
ferroelectric hypothesis. As discussed previously however, the BiFeo
3 
mat-
erial investigated by Krainik is suspect because of the unusual behavior 
of the loss tangent. 
In summary, it was found that the addition of BiFeo3 to solutions of 
PbTi03 , PbZr03 , and 50% PbTi03-50% PbZr03 causes a tendency for the Curie 
point to occur at progressively higher temperatures with the increase in BiFe03 
content, except in phase transition regions where minima can occur. Extra-
polation procedures yielded a Curie temperature of 850-900°C for BiFe03. 
BiFeo3 was also generally found to decrease the value of the dielectric constant 
at the Curie point (and increase the dissipation factor) when added to the various 
solutions. The dielectric constant at the Curie point for BiFe03 is indicated to 
be approximately 1300. It appears to be likely that BiFe03 is ferroelectric, 
with a multiple cell structure. 
122. 
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APPENDIX I 
LEAST SQUARES FIT PROGRAM 
The calibration curve is given by equation (50). For simplicity this 
relation can be rewritten as: 
y = y + A sin 2 {3 (D - DR) 
where y = f3 (D + S) 
Expansion of the double angle in (1) yields: 
.Y = y + ~ sin ~ + B cos ~ 





where ~ = A cos 2 {3 DR B = - A cos 2 ·pDR ~ = 2{3D (A~I-4) 
Let y. represent the ith experimental data point andy 1 the ith data point cal-l c 
culated by (3). The sum of the squared errors, E, is then given by: 
E = ~ (y. - y .)2 = ~ (y. - 'Y - ~ sin X. - B cos X ) 
i 1 Cl i 1 1 i 




oE = 0 
aB 
Three sets of equations axe then obtained through use of (6) with (5). 






= ~sin x 
i i 
= ~COS X. 
i 1 
= I: sin x 
i i 
~ . 2 ~ Sin X 
i i 
= I: sin x. cos x. 
= ~Y. 
i 1 
i 1 1 
Y2 = Z y. sin x. i 1 1 
= ~Y. cos X. 
i 1 1 
= ~COS X. 
i 1 
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= I: sinx.cosx. (A-I-8) 
i 1 1 
2 
= ~cos x. 
i 1 
(A-I-9) 
From equation (7) the parameters y, ~, B can be obtained by solution 
of (7) by determinants: 
"Y = 
B = 
Yi al2 al3 
Det y2 a22 a23 
Y3 a32 a33 
DD 
all Yl al3 
Det a21 Y2 a23 
a31 Y3 a33 
DD 
all al2 Yl 
Det a21 a22 Y2 



















From equation (2) and (4), the desired parameters, R, D and S can 
R R 
now be expressed in terms of y, ~'and B given by (10): 
1 B DR = - - arc tan -2{3 ~ 
SR = .1: + _!_tan !! /3 2/3 ~ (A-I-11) 
R = 1 + 2 ..J ~ 2 + B2 
The least squares fit is illustrated in figure 51. 
SYMBOL GLOSSARY 
TEXT SYMBOL FORTRAN SYMBOL DEFINITION 
~ BMDA Wavelength 
{3 B Eqn. (31) 
B BETA Eqn. (A-I-4) 
~ ALPHA Eqn. (A-I-4) 
'Y GAMMA 
Eqn. (A-I-2) 
D D(I) Eqn. (45) 
s S(I) Eqn. (45) 
DR 
DR Eqn. (45) 
SR 
SR Eqn. (45) 




TEXT SYMBOL FORTRAN SYMBOL DEFINITION 
y YI Eqn. (A-1-9) 
i 
R R Eqn. (45) 
DD DD Eqn. (A-1-10) 
D1 D1 Eqn. (A-1-10) 
D2 D2 Eqn. (A-1-10) 
D3 D3 Eqn. {A-1-10) 
DELD 
~ 
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RT SMITH 
C CZ*ZZ389qzzP~l5 ROBERT SMITH 12/0A/66 RACS 
------ ----- ----- - ·· ·--- - ·· · · - - ··-··-· - · 5.0001 DIMENSION 0(l00),S{l00),W(100),U(l00} 
c N IS NO OF DATA PTS, BMDA IS wAVELENGTH 
5.0002 READ (1,100) N,RMOA 











5.0014 DO 1 1=1,N 
5.0015 READ (1,500) D(l),5(1) 





5.0021 Y2=Y2+YY*U( 1) --------- -· 
5.0022 Y3=Y3+YY*W(l) 
5.0023 Al2=A12+U(l) 
000? 002 0 
- ---- - -- - - -- ------ -
5.0024 A13=Al3+W( I) ------ - ---- - - - -- ---· -·- - -- -- -
5.0025 A22=A22+U(l)*U(I) 
5.0026 A23=f\23+U( I )*W( I) 
- - -s ·:oo2 7 - -----1- A.3 3-=A 33 +h (I ) *W ( If --------
5.0028 
------- --- -
C fLEMENTS CF MATRIX NOW FINISHED 
Cl=A2l*A33-A21*A23 
































-- ----- ---· --- --·- ---··-----
PARAMETERS 
- ----~~--------~----------------------------------5.0042 R=l.+2.*S QRT(ALPHA*ALPHA+BETA*BETAl 
S.0043 DR=~TANI-BETA/ALPHA)/G 
S.0044 SR=GAMMA/ B-DR 
5.0045 WRITE (3,200) R,OR,SR 
5.0046 WRITE (3,300) 
S.0047 DO 2 I=l, N 
S.0048 DELD=CDCI)+S(l,) 
S.0049 FDELD=(GA MMA+ALPHA*U(l)+BETA*W(l))/B 
S.0050 2 WRITE (3,400) DFLO,FDELO,O(l) 
S.0051 CALL EXIT 
S.0052 100 FORMAT(I4,El 8.8) 
S.0053 200 FORMAT(l0X 2HR= ,El4. 8,10X3HDR= ,El5. 8 ,10X3HSR=,E15.8//) 
S.0054 - 300 FORMAT(l6X4HDEL0 ,2 3X5HFDELD ,23X4HO(l)/) 
S.0055 400 FOR~AT(l2X E14 . 8 ,13XE14.8,13XE14.8J 
S.0056 500 FOR~AT(2El A . 9 ) 
5~0057 END 
END OF COMPILATION MAIN 
/DATA 






A computer program was written to perform the calculations outlined in 
section ill D4. The computations were done with an IBM 360 series 4Q ._computer. 
The program is included in the following pages. A glossary is included which 
defines the Fortran IV notation in terms of the text notation. 
SYMBOL GLOSSARY 
TEXT SYMBOL FORTRAN SYMBOL DEFINITION 
0!1 ALPHA attenuation of sample holder 
DR DR reference plane of sample holder (obtained from least 
squares fit program, appen-
dix I) 
R R standing wave ratio of sam-
ple holder (obtained from 
least squares fit program, 
appendix I) 
A. BMDA wavelength 
d DIA sample diameter 
t TH sample thickness 
T T temperature 
Dl EI 
reference short width of 
minimum point 
D2 E2 
reference short width of 
minimum point 
Dl Fl 
dummy sample width of 
minimum point 
D2 F2 
dummy sample width of 
minimum point 
Dl Dl 
sample width of minimum 
point 
D2 D2 
sample width of minimum 
point 






4 t c -
• 0885TT S d2 
4 c ..! 















dummy sample minimum 
position 
sample minimum position 
dielectric constant 
dissipation factor 
parallel resistance, e<1n. 
(19) section m 
nseriesn dielectric constant 
nparallePt dielectric con-
stant 
standing wave ratio 
standing wave ratio, cor-
rected for attenuation, e<In. 






· - - -- . 
C CZ*ZZ3983ZZPH15 SMITH R T 
5.0001 READ (1,100) ALPHA,DR,R,BMDA 
10/10/66 RACiS 0001 002 0 
____ 5_~_Q.9.9? __ · -·-· READ ( 1,200) N,TH,DIA,E,E1,E2,F,Fl,F2 
5.0003 ZZ=2.54**2/32. ----·- -, ------------- -------; 
5.0004 ZZZ=2.54**4/768. 
5.0005 E3=.5*(El-E2) 






s.ooT2·--·------------ Z=4./G ------------· ·-------- - --- ·--
S.0013 Y=G/2. 













--- - S-. -0-02- 7 -- WRITE (3,300) SPE,SPF,SE,SF 
S.0028 FUDGE=BMDA*4.45*TH/(.75*(3.1415q*OIA)**2) 
S.0029 WRITE (3,400) 
------- s.oci3o -- -- oa-· 1 I=--=--::-1-,-N--------
s.oo31 READ (1,100) T,0,01t02 
S.0032 03=.5*(01-02) 














---s-. o o42 --
5.0043 
5.0044 
·-··--·-·- -oP f~o-o3 
DP2=0+03 
DPl=Dl-B*Sl N{G*(DPl-DR)) 








0 I P= ( 1. + T ANG**2) I ( SP*T AN_G) 
5.0045 DCP=DCS/(l.+DIP**2) 
5.0046 OCl=DCP 
--- 5. o o4 7-·--- · 3 -w-=-::-Y-*-=-s Q-=-R=-=r=-=c=--o--=-c.....,.....1-=-l --
5.0048 DC2=DCP/{1.+ZZ*(W*DIA)**2+ZZZ*(W*DIA)**4) 
S.0049 IFtABSCOC2-DCl)/OC2-.005)4,4,2 
5.0050 2 0Cl=DC2 
5.0051 GO TO 3 
---- · ---------- - ----
5.0052 4 RESP=5.67*BMDA*TH/(.06*3.1415q*DIP*DC2*CDIA**2)) 
L-------:s=--.~005_3_____ l WRITE ( 3, 500) T, DC 2, 0 I P, RE SP, DCS, ocp-;-s-,-S-P-·,-r ANK ·-·· 
5.0054 CALL EXIT 
5.0055 100 FORMAT(4El8.8) 
S.0056 200 FORMAT(12,8F8.4) 
5.0057 300 FORMAT(l6X4HSPE=,Fl0.3,4X4HSPF=,F10.3,4X3HSE=,Fl0.3,4X3HSF=,Fl0.3/ 
1//) 
- --S-:-0-()5-·a-··---·- 4 -(fOF OlHrAtTTX4 HTE MP, 4X8HDI CCNST ,4X4HlYI SP ;6X6HOHMS P, 4X6HSERIES, 3X 8HPA 
1RALLEL,4X4HVSWR,4X6HVS WR C,5X5HSHIFT/) 
5.0059 500 FORMAT(5XF7.2,3XF7.1,3XF7.4,2XFlO.l,2XF7.1,3XF7.1,1XF7.2,2XF7.2, 2X 
--- - ----- - - --- 1F9.6) ---- -----------· 
5.0060 END 
END OF COMPILATION MAIN 
/DATA 







The expression for the standing wave ratio given in terms of the width of 
minimum distance between 3db points is given by (section n, equation 43): 
A. 2 
r =- = -.-
7r ~ {3~ 
where r is the standing wave ratio. 
6. is the width of minimum, the distance between the 3db 
points. 
A. is the wavelength. 
This relation and the conditions governing its use can be developed in the 
following manner. From figure 13, let x reprESent the position of the probe 
relative to the voltage minimum point. Then at the width of minimum points 
r 
x1 , x2 , assuming symmetry: 
:r-
= ~ (A-lli-1) 
At any point x, the electric~ distance in radians to the minimum is: 
21x e = = f3x (A-ITI-2) 
The width of minimum in electrical radians is thus: 
' eD. = 2f3x = {3D. (A-ill-3) 
A general derivation of the width of minimum relation, of which (1) is 
a special case follows. Suppose the detector used with the probe obeys the 
power response law: 
I= A~ (A-ill-4) 
where I is the current output from detector. 
V is the voltage applied across probe. 
140. 
A is the proportionality constant. 
n is the power of the response law of the detector. 
Let 16 be defined as the current output of the detector at either of the width of 
' minimum points X • Here the assumption is made that the standing wave min-
imum curve is a.ymmetric about the minimum point x = 0. If ~IN is the current 




I 6. is the current output from detector at width of minimum 
points xl' x2. 
IMIN ~=t~~ current output from detector at minimum point 
m defines the magnitude of 16. relative to IMIN" 
·Figure 52 is the voltage vector relation representing the voltages generated at 
the probe by the incident and reflected voltages. Let OB, OC, and BC represent 
the incident, reflected, and total voltages. The vector relation between the 
voltages is: 
where 
v = v - v 
t i r 
vt is the total voltage at probe= vt. 
V is the incident voltage at probe= V .• i 1 
V is the reflected voltage at probe = V . 
r r 
From the diagram, or from (6) it follows that: 
+ v2 - 2 v. v cos e 
r 1 r 
(A-ill-6) 
(A-ill-7) 
OB = ~ INCIDENT VOLTAGE AT PROBE 
6C = ~ : REFLECTED VOLTAGE AT PROBE 
BC = ~ : TOTAL VOLTAGE AT PROBE 
9 : PHASE ANGLE BETWEEN INCIDENT AND REFLECTED WAVES 
FIGURE 52. Voltages at slotted line probe 
141. 
142. 
(8) can be rewritten as: 
The maximum and minimum voltages can be expressed in terms of the incident 
and reflected voltages. The maximum and minimum positions occur at 0 = 1T 
and 0 = 0 respectively. 
From (6): 
(A-ill-9) 
v = v. - v ~ 1 r 
The use of (9) permits (8) to be rewritten as: 
v 
2 
= v: + .! [ ~ - ~ ] ( 1 - cos 0) 
t MIN 2 MAX MIN 
A-ID-10) 
' At either width of minimum point X , relation (10) assumes the value: 
2 2 1 _ _2 _ _2 
v = v + - [ v_- - v _MIN] (1 - cos f3 6> 
6 MIN 2 MAX 
(A-ID-11) 
Combining (11) with (4) and (5): 
2 1 _ _2 2 n 
= A [ V MIN + 2[ V MAX- V MIN] (1- cos{jb.)] 
The last two equalities in expression (12) can be rewritten as: 
From: 
(2{2m/n+1) 1 cos Q 1\\ V: = (1- cos {jb.) VMAX2 









(2m/n+l) J 112 
r = - 1- cos (36. 
1 - cos~6. (A-ID-14) 
For a linear detector, such as used in this experiment, n = 1. Suppose the 
choice m = 1/2 is made; from (5) 
16 = ..f2 11\fiN (A-ll1-15) 
Expression (14) for a linear detector with condition (15) simplifies to: 
. J 1/2 
r = ra - cos (3!:::. (A-lll-16) [1 - cos {36. 
(16) is the criterion for choosing 16 for a linear detector. Expression (16) is 
also satisfied for a square law detector (n = 2) if m is chosen as equal to 1. For 
this case (5) gives the condition: 
(A-ill-17) 
Expression (16) can be considerably simplified for the case of voltage standing 
wave ratios greater than 10 by expansion of the cosine terms in a Taylor series. 
For r greater than 10 it is ·valid to assume: 
{3 6.<< 1 (A-ill-18) 
Expression (16) thus reduces to: 
~ [2 - % ! ( {3 6.) 2]1/ 2 2 





The formula relating the actual standing wave ratio in terms of the meas-





= coth D;anh - - cd] 
r 
r is the actual standing wave ratio. 
r is the measured standing wave ratio. 
Cl'1. is the attenuation, in nepers. 
An outline of the deviation of (55) follows. 
(55) 
At the input of the section of transmission line to be measured, the 
standing wave ratio is given by: 
' r = (A-IV-1) 
where V 1 is the amplitude of incoming wave. 
V 2 is the amplitude of outgoing wave. 
Figure 53 illustrates the amplitudes of the incoming and outgoing waves as a 
function of the attenuation of the unknown transmission line (or sample holder). 
At a distance I along the unknown, the standing wave ratio is given by: 
V yl -yl 1 e + v2e 
r = 
Yl -yl V e - V e 1 2 
(A-IV-2) 
where Y = a + jf3 
a is the attenuation in nepers per unit length. 
A. is the wavelength. 
1 
P1 POSITION OF SLOTTED LINE PROBE 
P2 : POSITION OF SAMPLE REFERENCE PLANE 
FIGURE 53. Attenuation of incoming and outgoing wave amplitudes in 
sample holder 
145 . 






Expansion of the exponential terms in a Taylor series in the numerator and 
denominator of (3) permits the equation to be rewritten iil terms of hyperbolic 
functions: 
' = sinh <y 1) - r cosh {y 1) 
r 
r sinh (Yl) - cosh (yl) (A-IV-4) 
Since the propagation constant y is a complex quantity an expansion of (4) can be 
made in terms of trigonometric and hyperbolic functions: 
a 
-






j (rc- d) (A-IV-5) 
where: a = Sinh~~ COB !Jl c = cosh pel sin~ 1 
(A-IV-6) 
b = cosh ~1 co.s PI d = sinh oll sin ~ 1 
Rationalization of (5) leads to: 
r 
= ca- rb)(ra- b) + (c- rd)(rc - d) + j[ (c- rd)(ra- b) - (rc- d)(a -rb)] 
(ra- b)2 (rc- d)2 (A-IV-7) 
r 
By definition r must be a real quantity. Therefore: 
Thus: 
(c - rd)(ra- b) - (rc-d)(a- rb) = 0 
2 (da - be) (1 - r ) = 0 
The definition of the standing wave value requires: 
1 - r
2 <o 
Inequality (9) applied to (8) requires: 





Substitution of definitions (6) into (10) results in the relation: 
cos ~ 1 sin {31 = 0 (A~IV-11) 
The values of {31 allowed are then: 
n7r P 1 = 2 , n = 0, 1, 2, ---- (A-IV-12) 
Analysis of (5) shows that there are now two cases to be considered, with neither 
an odd or an even integer. 
For the even case, 
For the odd case, 
n = 0, 2 , 4, ---- , ~ 1 = 0, 7T', 2 1T, ---
' r = 
sinh al - r cosh al 
r sinh ad - cosh al 
11' 37r 57T 
n = 1, 3, 5, ---- , {:31 = 2 , 2 , 2 
cosh al - r sinh al 
r = 
r cosh al - sinh al 
(A-IV-12) 
(A-IV-13) 
(12) and (13) appear to be inconsistent. By the following physical argu-
ment, however, (13) may be eliminated. A standing wave has periodicity of 
interval: 
/31 = 1r (A-IV-14) 
Equivalent points on the standing wave pattern thus occur every 1r radians along 
the transmission line. They will be separated by the electrical distances 0, 1T, 
21r, 37r, etc., in radians. Consider the definitions of the measured r in the 






V MAX and V MIN 
' ' 





are measured on the line. 
V MAX and V MIN exist in the sample holder. 
148. 
r 
By the argument above V MAX and V MIN are separated by nr radians. Similarly, 
r 
V MIN and V MIN are spaced by n1T' radians, n being an integer. The conditions 
for expression (13) are not consistent with these criteria. 
The formula for a:,hyperbola is given by geometry as: 
2 
r - 1 = B (A-IV-15) 
The following hyperbolic triangle relationships may be established from figure 
54: 
1 1 
sinhJL = = .J 2 B r - 1 
r 
(A-IV-16) 
coshp r =..J 2 = B r - 1 
Multiplication of the numerator and denominator of (12) by the factor 1/../r2 _ 1 
and use of identities (16) yields the result: 
r = sinhp sinhad - coshp cosh al = 
r coshp sinhal - sinh~-t coshal ctnh (P - al) (A-IV-17) 
Resubstitution of (16) in (17) results in expression (55). 
B-----..,. 
~--------r2 _____________ ..,. 
SINH U - ~ ... .1.. 
-OA- B 
COSH u =: =~ 
2 x AREA~ 
u = OA2 
. f 2 
r2 - B = 1 




A. MAGNITUDE OF CORRECTION FACTORS 
The amount of correction due to sample holder discontinuity, sample 
holder attenuation, sample shape, and sample size at a given wavelength 
varies considerably with the dielectric constant and dissipation factor of the 
sample. 
The series dielectric constant, C , and dissipation factor, D, can be 
s 































is the shift in the minimum when the sample is 
replaced by the short. 
is the standing wave ratio on the line when termi-
nated by the sample. 
is the angular frequency. 
is the characteristic impedance. 
is the wavelength. 
t is the thickness of the sample. 
d is the diameter of the sample. 
C is the series capacitance. 
s 
D is the. dissipation factor. 
C is the parallel capacitance. p 
K is the dielectric constant. 
151. 
The maximum contrftl.ution of each correction can be obtained from a 
consideration of the differentials of expressions (1), (2), and (3) taking the 
absolute values of each term. 
dC 
s = d(tan X) 
C tan X (A-V-5) 
s 
dD dr d (tan~ + 2 tan X d (tan X) = + 
D r tan X 2 l+tanX 
(A-V-6) 
dC dC 2DdD dK __p s 
-- + 
K c c 2 p s 1+ D 
(A-V-7) 
Here 
dC is the maximum correction to C . p p 
dC is the maximum correction to C . 
s s 
dD is the maximum correction to D. 
d~an X)is the maximum correction to tan X. 
dr is the maximum correction to r. 
dK is the maximum correction to K. 
152. 
From the use. of relations (5), (6) and (7) it was determined, from exam-
ination of all samples measured, that the maximum corrections to the quantities 
K and D due to the various corrections were as follows: 
M . dK 
ax1mumK 
M . dK 
ax1mumK 
M . dK 
ax1mumK 
M . dD 
ax1mumD 







0. 1 = 10% due to sample holder discontinuity using 
equation (54)' section m. 
0. 5 = 50% due to sample holder attenuation using 
equ atbn (57) and (43), section m. 
0. 5 = 50% due to sample inductance equation (58), 
section m. 
0. 1 = 10% due to sample holder discontinuity equation 
(54), section m. 
1. 0 = 100% due to sample holder attenuation equation 
(57) and (43), section m. 
Due to the properties of the samples studies, the maximum corrections 
encountered did not occur in the same sample and at the same temperature. 
Thus a situation was never encountered in the course of this experiment where 
all correction factors were maximized. As an example, for a given sample 
the maximum corrections for sample holder attenuation and sample inductance 
did not usually occur at the same temperature. 
The maximum sample shape correction to the dielectric constant is 
typified by a sample of dielectric constant 5000 (larger than any dielectric con-
stant encountered in this work) with a diameter of . 254 em (all samples were 
approximately of this diameter). At the 56. 6 em wavelength used in these 
measurements, the correction obtained from expression (82) is: 
M . dKrv ax1mumK .12 = .12 % due to sample size, equation (82), section 
Til. 
153. 
Corrections to most measurements were less than the maximums given 
above. Total correction to the dielectric constant, for the majority of samples 
at most temperatures is less than 30% to 40%. The correction to the dissipation 
factor was usually less than 70%. 
B. ERROR ANALYSIS 
The major errors in this experiment derive from three sources: deter-
mination of the shift in minimum, the standing wave ratio, and the attenuation 
constant of the sample holder. The first two factors are dependent on the par-
ticular sample measured and the temperature at which the measurement is 
made. The third factor probably depends on temperature also, but apparently 
to a small enough degree that temperature effects can be neglected, compared 
to the uncertainty in measuring the rather small (.;... . 005 neper) attenuation at 
room temperature. 
Taking the differentials of expressions (43) and (57), section III and using 
(5), (6), and (7), where dCP, dCs' dD, d (tan X), and dK are now reinterpreted 
as measurement uncertainties instead of correction factors the maximum errors 





~ .16 =.:!: 8% 
"'.08=_:!:4% 
due to uncertainty in measurement of shift of min-
imum for a dielectric constant of 5000, before 
sample size correction- the maximum encountered 
in this investigation. (The error is less than 3% 
for samples with dielectric constants less than 
2500.) 















.16 = + 8% 
. 1 =:!:: 5% 
. 24 = ~ 12% 
due to uncertainty of measurement of shift in 
minimum. 
due to uncertainty of measurement of the standing 
wave ratio. 
due to uncertainty of measurement of the atten-
uation. 
Therefore, the maximum total error in the measurement of the dielec-
tric constant could be as much as~ 20%, and the maximum total error in the 
measurement of the dissipation factor could be as much as:!:: 25%. The maxi-
mum root mean square error for the measurement of the dielectric constant is 
~ 12% and~ 15% for the dissipation factor . 
For a typical sample, the maximum dielectric and dissipation factor 
errors are on the order of~ 10% and~ 15% respectively, near the Curie point, 
and decrease to less than_::!: 5% at room temperature. In this discussion the 
errors due to the uncertainty in measurement of sample size in the sample 
size correction relation, equation (82), have been neglected since this error will 
always be less than ~ 1%. 
As can be readily seen from the above discussion the errors can be 
greatly reduced if two factors are known more precisely; the shift in minimum 
and the attenuation factor. The attenuation factor, known to within~ 10%, could 
probably be determined to a higher degree of accuracy using the scattering 
coefficient method outlined by Ginzton (87) at various temperatures (which 
requires a sample holder with connectors on each end), but the measurement 
155. 
of the shift in minimum could only be improved by correcting the impedance 
mismatch, as discussed earlier in section m B. This could be accomplished 
through the use of two sample holders, a 50 ohm characteristic impedance model 
for use near room temperature and a 1 ohm model for use at temperatures in 
the vincinity of the Curie point. However, a mismatch would occur between the 
1 ohm sample holder and the 50 ohm slotted line, . necessitating a large sample 
holder discontinuity correction, which may introduce large errors. 
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